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CHAPTER I
INTRODUCTION

Present day cell theory considers deoxyribonucleic acid
(DNA) and the genetic substance of the cell to be synony
mous.

If this is in fact true, then there should be no

stage during the life history of an animal or plant when DNA
is not present in the cell and, more specifically, in the
nucleus.

Investigations of a large variety of cells have

always, with one important exception, found DNA in the nuc
leus.

This DNA is present in amounts proportional to the

number of chromosomes in the cells of anyone organism.

For

example, the haploid sperm of the mouse has half (1.68
arbitrary units) the DNA found in diploid liver nuclei (3.34
units).

Polyploid liver nuclei have DNA in amounts propor

tional to their chromosome number (6.77 units for tetraploid
and 13.2 units for octoploid nuclei) (Swift 1950).
One exception to this rule is the nucleus of the mature
haploid egg.

Here, it is often very difficult and sometimes

impossible to demonstrate the presence of any DNA.

In the

past the only means for making such measurements has been
through the use of histochemical methods such as the Feulgen
stain.

There has, until now, been no way to isolate nuclei

(except by micromanipulation) and measure their DNA content
directly.
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When the DNA content is measured for the whole egg (for
example, sea urchin eggs) a large amount is

fo~~d,

usually

more than 30 times the haploid amount (see Table V).

This

much DNA can not all be accounted for as nuclear DNA and
thus the eggs of all animals investigated so far are unique
in having cytoplasmic DNA or at least DNA fragments.

There

fore measurement of whole cell DNA (a cornmon technique used
for somatic cells), when qpplied to.the egg, gives no indi
cation of how much DNA the nucleus contains.
The resul ts of Marshak .and Marshak (see Chapter IX),
which represent the most complete analysis of sea urchin DNA
to date, lead to the surprising conclusion that the sea
urchin egg contains no DNA

a~

all.

They conclude that the

DNA measured by other investigators is in the form of low
molecular weight fragments and is therefore not genetically
significant.

Marshak and Marshak also used whole eggs as

analytical material.
Thus the present situation in the published literature
is:

the sea urchin egg pronucleus is not easily stained by

the Feulgen reagent, and sometimes not at all; analysis of
whole eggs indicates large amounts of DNA which must, at
least in part, be cytoplasmic.

This DNA has been found by

Marshak and Marshak to consist of low molecular weight frag
ments and can not be genetically significant.

Therefore

there is no proof that the nucleus contains DNA.

Whether or
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not it does, determines whether or not DNA could be the
genetic material of the cell.
The research carried out in this thesis was designed to
conclusively answer this question.

To do this, a method for

measuring the DNA content of the nucleus alone had to be
developed.
lated

This could be done 1) by utilizing single iso

nucle~which

could, in theory, be analyzed by a method

using radioactive isotopes (see Chapter VIII), or 2) by
analyzing large numbers of purified isolated nuclei.

Both

these methods were thoroughly investigated.
Another method, by which the presence of DNA could be
conclusively shown, would be through the use of the Feulgen
stain accompanied by the necessary controls.

A method for

controlled Feulgen staining of sea urchin eggs is described
in Chapter Xo
In several cases an investigation of problems not
directly related to the topic of this thesis was required.
For example, in order to use the local sea urchins it became
necessary to know where they could be found, their spawning
sea"son . and, in the case of the three urchins of the family
Centrechinidae, it was necessary to work out a means for
easily identifying themo

This work is included here in the

hope it will be of use to other investigators who may want
to utilize the Hawaiian sea urchins.
During the investigation leading to the method for
isolating sea urchin egg nuclei described in Chapter IV, a
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number of interesting observations were made on the nature
of the isolated nucleus and its nucleoplasm.

These observa

tions are considered in Chapters IV and VII.

They give

further insight into the nature of the sea urchin nucleus
over that obtained by workers using whole eggs.
The major part of the work described in this thesis
was carried out at the Hawaii Marine Laboratory on Coconut
Island in Kaneohe Bay, Oahu.

CHAPTER II
THE SEA URCHINS

Edmondson (1946) describes 16 urchins that are avail
able in the waters around Oahu.

Because some of these occur

in deep water or are never available in great numbers, they
are not suitable as research material.

However, nine

species do fill the requirements for research material l and
all were used at some time during this research.
For the sake of uniformity, all taxonomic designations
are those used by Mortensen (1928-1951) in his very exten
sive monograph on the Echinoidea of the world.

No attempt

will be made to include any sort of a synonomy except to
point out differences between Mortensen and local refer
ences.

This does not imply that Mortensen's designations

are necessarily correct and the others are not, but serves
to avoid confusion.
Echinometra Mathaei (Blainville)

(Fig. 1)

This urchin occurs in large numbers on several reefs in
Kaneohe Bay.

Though relatively small

I

it can be collected

at the rate of about 75 per hour in favorable localities.
These localities in Kaneohe Bay are given on Fig. 9 page 17.
This urchin is easiest to collect at low tide on the wind
ward.side or "Checker Reef" (areas 9 and lO) and along the
south side of Kapapa Island (area 2).

The north side of

Kapapa Island (area 1) and area 6 also support large

6

populations of this urchin, but collecting is less conven
ient.

Echinometra

~~thaei

occurs on the other reefs but has

never been found in large numbers.
These urchins live in cavities in rock or coral which
they, at least to some

.~=xtent,

fashion for themselves.

They

are usually difficult to remove unless the rock or coral is
broken away.

Therefore it is essential that collecting be

done where the urchins can be pried loose, or where they
live in dead and partially disintegrated coral.

The latter

environment offers the best collecting.
About 35 ripe females are required for the nuclear
isolation procedure described later in this thesis.
roughly half the animals collected

wil~

Because

be males and because

it is impossible to sex them at the time of collecting,
twice the required number should be collected.

The color of

the spines on this urchin varies from a yellow green to a
light purple.

The largest individuals seldom have a test

diameter greater than six centimeters.
The spawning season of this species, at least during
the period 1959-60 when they were used most intensively,
occurs from September through February, with the maximum egg
yield in October and November.

Gametes can be obtained at

other times, but usually comparatively few are shed by any
one urchin.

The males are always more productive than the

females, and there was never a time when several ripe ones
could not be found.
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Except for the fact that E. Mathaei is rather small, it
is an ideal source of the type of eggs required for the
research described in this thesis.

The other urchins had

various faults which made them less useful.
Echinometra Mathaei oblongata (Blainville)

(Fig. 2)

This urchin is designated as Echinometra oblongata in
Edmondson (1946 p. 90) and Hiatt (1954 p. 95).

In Kaneohe

Bay, it always occurs interspersed in populations of E.
Mathaei, though it is never as abundant or as large in size.
Populations consisting of numbers large enough to be used as
a source of eggs are found in the areas described for E.
Mathaei.
The spawning season parallels that of E. Mathaei.

The

eggs are distinctly more orange than those of E. Mathaei,
but otherwise have similar properties and would have served
as well in this research if the animals were mere abundant.
It is interesting to note that several urchins have been
found which could not be placed in either species of
Echinometra because of their intermediate characteristics.
They, therefore, could have been hybrids.
Heterocentrotus mammillatus (Lir.naeus)

(F1g. 3)

This is probably the most attractive echinoid found in
the Hawaiian Islands, but it is never available in large
numbers.

Specimens occur infrequently throughout Kaneohe

Bay and therefore could not serve as a convenient source of
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eggs.

Most of the H. mammillatus used in this research were

collected from Hanauma Bay where they are somewhat more
plentiful.

The complete spawning season has not been deter

mined/ though in November and December they spawn readily,
yielding large numbers of gametes.
Colobocentrotus (Podaphora) atratus (Linnaeus)

(Fig. 4)

Edmondson (1946 p. 90) uses the name Podaphora atratus.
This unique looking urchin is found on rocky shores that are
exposed to direct wave action and hence collecting them is
difficult and sometimes can be hazardous.

Their eggs have

been used in this research, but because they offer no
particular advantage this species was never used exten
sively.

The spawning season roughly parallels that of the

Echinometra.
Tripneustes qratilla (Linnaeus)

(Fig. 5)

Tripneustes is not only one of the largest urchins, but
it is also the most easily collected.

Although it produces

the largest volume of gametes, the eggs are not useful as a
source of nuclei.

Because large volumes of sperm can be

obtained, this urchin served as the source of purified DNA
used for one of the standards in the anQlytical procedures.
This species is found most abundantly in Kaneohe Bay on
"Checker Reef", areas 3, 4 and 8, and on the leeward side of
Kapapa Island (area 1).

It usually lies exposed on the

bottom in from three to six feet of water, and in calm

•

Fig.1 Eehinometra Mathaei,
test diameter 4.5 em

Fig.2 Eehlnometra Mathaei
oblongata, test diameter
3.5 em

Fig.3 Heteroeentrotus msm
mi11atus, test diameter 4.8
em

Fig.4 Co1oboeen~rotus
(Podaphora) atratus, test
diameter 2. 5 ern
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weather can be picked up from a boat with a four-pronged
device similar to that used to change light bulbs on high
ceilings,
The spawning season in Kaneohe Bay is not well defined,
but seems to extend from June to December.

During the win

ter, gametes can also be obtained, but in relatively reduced
quantities.
This is the only urchin which can be conveniently sexed
prior to spawning, though not with absolute accuracy.

This

may be accomplished by inserting the hypodermic needle,
which will later be used to induce spawning (see Chapter
III), through the anus, inclining the syringe, and pressing
the side of the needle against the gonads.

This can be done

at several points around the inside of the urchin.

A small

amount of gametic material will be forced out through the
gonadopores and can be identified.

If no gametes are

apparent, the indivj.dual either has already spawned or is a
female, which occasionally fail to respond to this treat
ment.

In processing great numbers of urchins, or when a

large amount of one type of gamete is needed, this method
saves considerable time.

This method does not work on other

urchins because their spines interfere.
Pseudoboletia indiana (Michelin)

(Fig. 6)

In Kaneohe Bay this urchin is found in area 8 adjacent
to channel buoy number 8.

It never occurs in large numbers.
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The eggs resemble those of T. qratilla and therefore were
not usable.

The spawning Eeason has not been determined but

seems to be similar to T. qratilla.
Family Centrechinidae
Echinothrix diadema (Linnaeus)

(Fig. 7), Echinothrix

calamaris (Pallas), Diadema paucispinum Agassiz (Fig. 8)
There is some confusion in the local literature concerning
the names and characteristics of these three urchins.
Because all three are similar in their habits, appearance,
and spawning season, it is reasonable to consider them
together.
All three urchins can readily be characterized by their
long slender primary spines and by their poisonous needle
like secondary spines (see Fig. 7).
Diadema paucispinum (Centrechinus paucispinus Edmondson
(1946 p. 88)) can be easily differentiated from the other
two species by its very long, black (reddish in young speci
mens), unbanded primary spines which are longer than the
diameter of the test.
Echinothrix diadema and Echinothrix calamaris have the
following similarities.

The primary spines of both species

are shorter than those of Diadema paucispinum.

In young

specimens the spines are distinctly banded with alternating
light and dark green bands.

The banding is most colorful in

E. calamaris which also has a light green test.

The spines

Fig.5 Tripneustes qratilla,
test diameter 9 ern

Fig.6 Pseudoboletia indiana,
test diameter 8 ern, note
sperm at gonadopores

Fig.7 Eehinothrix diaderna,
test diameter 7 ern

Fig.8 Diaderna paueispinurn,
test diameter 5 ern
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at this stage are longer than the diameter of the test.

As

the animals mature the spines gradually lose their banded
appearance.

In very large

specimens'~here

is only a faint

indication of the bands, sometimes only on the oral spines.
In specimens of E. calamaris 6 em in diameter, or larger
(this is the size most frequently collected), the spines are
shorter than the diameter of the test and closely resemble
E. diadema (see Fig. 7).
These characteristics, shared by the two species of
Echinothrix, allow them to be readily differentiated from
D. paucispinum.
Echinothrix calamaris and E. diadema can be distin
guished from each other by examination of the cleaned test.
However this is time consuming and has been found necessary
only to confirm doubtful identifications.

There are several

characteristics, distinctive of each species, which can be
used to identify the live animals.
examine the primary spines.

The simplest is to

The primary spine of E.

calamaris has large blade-like scales pointing toward the
tip of the spine.

These scales, except for color, are

almost indistinguishable from those of D. paucispinum.

On

the other hand, Echinothrix diadema has small scales that
point at almost right angles to the spine.

A dissecting

microscope is required in order to see clearly the scales of
either species.
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A simple field test, which depends on the manifestation

of the scale shape and size offers a quick means of identi
fication.

A primary spine is broken off near its base and

the outer fleshy covering is completely wiped off.

The

spines of either species can then be rubbed between the
thumb and forefinger from the base toward the tip (a mod
erate amount of pressure should be applied).

Only the spine

of E. diadema can be rubbed from the tip to the base.

This

requires about twice the effort used in the base to tip
direction.

Because of the large scales, it is almost impos

sible to rub the spines of E. calamaris from tip to base
unless they are held extremely lightly.
Another characteristic by which the two species of
Echinothrix can be differentiated is on the size of the
lumen in the primary spines.

The lumen in the spine of E.

diadema is smaller in diameter than the thickness of the
wall, while the lumen in the spine of E. calamaris is
larger.

It should be noted that Hiatt (1954 p. 95)

apparently has reversed the illustrations and descriptions
of the spines of Diadema paucispinum and Echinothrix
diadema.
A third characteristic useful in differentiating these
two species is the presence of a balloon or bulb-like struc
ture surrounding the anus of E. calamaris.
is not found in E. diadema.

This structure

It is also not present in E.
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calamaris when the anus contains a parasitic crab that is
present in rare cases.
A simple key for the rapid identification of these
three urchins is given below.

It can be used in the field

or laboratory.
1

Primary spines longer than the diameter of the
test -- 2
Primary spines shorter than test diameter -- 3

2(1)

Primary spines not banded, black, or dark red
in young specimens -- Diadema paucispinum
Primary spines distinctly banded in young speci
mens, predominantly green colored -- 3

3(1,2) Primary spine scales small, permit the cleaned
spine to be rubbed in either direction (see
text); lumen of spine smaller in diameter than
the wall thickness -- Echinothrix diadema
Primary spine scales large, spine can not be
rubbed from the tip to the base; lumen larger
than wall thickness; bulb-like structure around
anus -- Echinothrix calamaris
Edmondson (1946 p. 89) claims that E. calamaris is rare
in Hawaii.

This is not the case, at least in Kaneohe Bay

where it can easily be found.

The relative abundance of

these three urchins in Kaneohe Bay in decreasing order is:
E. diadema, E. calamaris and D. paucispinum.

These urchins

can be found throughout Kaneohe Bay but are most abundant in
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about six to ten feet of water in portions of area 3 and in
about ten to fifteen feet of water along the northwest side
of Kapapa
Island (area 1) where E. diadema is particularly
.
numerous.
and 9.

The three urchins are also found in areas 5, 6

The spawning season for these urchins is brief and

appears to extend from September through November.

At other

times of the year no eggs and seldom any sperm can be
obtained.

(....

\

Fig.9 Map of Kaneohe Bay Ohau, Hawaii, showing areas where
sea urchins can be found.
Echinometra Mathaei found in areas 1, 2, 7, 9, 10
Echinometra Mathaei oblongata -- 1, 2, 7, 9, 10
Heterocentrotus mammi11atus -- 5
Co1obocentrotus (Podaphora) atratus

1 (on rocks)

Tripneustes grati11a -- 1, 3 (southern portion),4, 6,
7, 8

Pseudobo1etia indiana -- 6, 8
Echinothrix diadema -- 1, 3, 5, 9
Echinothrix calimaris '-- 1, 3, 5
Diadema paucispinum -- 3

CHAPTER III
INDUCTION OF SEA URCHIN SPAWNING

Early in this research it became apparent that methods
commonly used to force urchins to shed their eggs or sperm
(Costello et al. 1957 p. 184) were not completely satisfac
tory.

These methods are:

1) cutting the urchin open around

the peristome and pouring out the body fluids, 2) removing
the gonads and allowing them to extrude their gametes in
clear sea water, 3) applying electric shock (IO volts AC
applied at two points on the test) and 4) injecting O.5M
KCl.

The first method is time consuming when large numbers

of eggs are needed.

The second, particularly with Echino

metra Mathaei and other small urchins, is not only time con
suming but extremely tedious.
not work on local urchins.

The third method simply does

The animals wave their spines

frantically when current is applied, but fail to spawn.
Potassium chloride was found to induce spawning fairly well.
However, it was noted that when ripe urchins spawned spon
taneously they produced a much larger volume of gametic
material than that obtained from KCl injected individuals.
The KCl injected urchins often spawned again hours later,
indicating that the treatment was not completely effective.
In the interest of obtaining as many eggs as possible, an
improved means of forced shedding was needed.
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In the search for such a method a variety of possibili
ties were tried, ranging from heating the urchins in warm
water to injecting drugs and assorted chemicals.
was effective but inconsistent.
materials was satisfactory.

Heating

Only one of the injected

Injecting a very dilute solu

tion of acetyl choline chloride dissolved in sea water into
the coelomic cavity caused the urchins to spawn immediately
and almost always completely.

The use of acetyl choline

proved to be superior to the four commonly employed methods.
The routine established during this research utilizes
the minimum of equipment and requires simple techniques.
(The only precaution -- the operator should avoid injecting
himself.)

The acetyl choline solution is made up to approx

imately .01M in 100 rnl of sea water in a 125 rnl Erlenmeyer
flask.

Because acetyl choline decomposes under the basic

conditions of sea water the solution should be made up at
the time of use.
an hour.

Its effectiveness lasts for at least half

The concentration is not critical; .005M works as

well as .01M.

It is only necessary to weigh out the com

pound once to determine the proper amount.

After that the

solution can be made by visual approximation.
A 10 rnl hypodermic syringe and a number 20 needle are
used for injection.

The needle is inserted through the

peristomal membrane in the general direction of the gonads,
i. e., toward the greatest diameter of the test, and about
1 ml of the solution is injected.

This is done at several
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points around the peristome.

The urchins spawn immediately,

usually before the injection is complete.

They are turned

upside down over dry glass custard dishes or beakers small
enough to prevent them from sliding in.

Custard dishes are

preferable because their tapered walls allow the urchins, no
matter how small, to be easily_removed.

After spawning is

complete, the gametes adhering to the urchins are washed off
with the aid of a pipette (medicine dropper).

Acetyl

choline appears to have no ill effect on the urchins over
that caused by handling and several have lived in an aquar
ium for almost a year after this treatment.
In order to determine whether it is the'acetyl choline
or only part of the molecule which induces shedding, several
related compounds were tried.

These were choline chloride,

choline dihydrogen citrate, succinyl choline chloride,
lauroyl choline chloride and butyryl choline toluene sulfo
nate.

None had any more effect than sea water alone, which

sometimes causes partial spawning due to increased internal
pressure.

Acetic acid in concentrations in the range of

.01M also had no significant effect.

Therefore the complete

acetyl choline molecule must be the active compound.

Pre

sumably spawning is induced by the action of acetyl choline
on nerves and/or muscles of the gonads.
It might be expected that eserine sulfate would produce
the same effect.

This chemical inhibits the action of

acetyl choline esterase.

A variety of concentrations of

21
eserine sulfate were tried but none induced spawning or
improved the yield when used in conjunction with acetyl
choline.

Possibly the sea urchin possesses an acetyl

choline esterase that is different enough from the verte
brate form so as to be unaffected by eserine.

CHAPTER IV
ISOLATION OF SEA URCHIN EGG NUCLEI

At the time of spawning the eggs of many sea urchins
are fully mature, meiosis and the liberation of polar bodies
having taken place in the ovary (Harvey 1956 p. 75).
Because of this and because sea urchin eggs are available in
large numbers, they are excellent material for the study of
the nucleic acid content in the haploid nucleus.

In the

past, however, such a study has been hampered by the lack of
a suitable method for the mass isolation of this nucleus
from its surrounding cytoplasm.
Techniques, in the form they are commonly used, for
isolating nuclei (generally from mammalian tissue) do not
work in the case of the urchin egg.

For example, one of the

first steps is to homogenize the tissue in order to release
nuclei from their cells.
homogenizer is often used.

An Elvejhem-Potter or similar

However when such an homogenizer

is applied to the urchin egg, the nuclei are ruptured along
with the cells.
Two media in which homogenization is frequently carried
out are citric acid (0.2 - 1%) and sucrose (O.25M)
1959 p. 229).

(Allfrey

The first completely destroys the egg nuclei

and coagulates the cytoplasm into an unmanageable mess.
second also destroys the nuclei.

The
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Filtration of the homogenate is almost invariably an
important step in separating nuclei from cytoplasmic debris.
Generally a fine mesh cloth or flannel is used.

In the case

of sea urchin homogenate, these materials quickly become
clogged with the large excess of cytoplasmic material.
It is obvious that the use of sea urchin eggs as start
ing material requires a procedure uniquely designed for the
task.

Unfortunately there are few unifying generalizations

in this field to serve as guides, and the development of any
procedure depends to a great extent on empirical trial and
error o

Out of this trial and error, the following procedure

was developed.

Though the basic steps are the same as those

used for isolating other nuclei, i.e., homogenization,
filtration and centrifugation, the way they are accomplished
is different.
The major problem is to separate the nuclei from the
large amount of cytoplasm that surrounds them without
extremely modifying the nuclei.

By

comparison~

the nuclei

of such organs as the liver or thymus contain little cyto
plasm.

In fact, some investigators (Allfrey 1959 p. 250)

examine nuclei isolated from the thymus gland with the aid
of an electron microscope to ascertain whether the cytoplasm
has been removed, since the whole cell contains so little
cytoplasm.

In contrast, the sea urchin egg consists of

99.5% cytoplasm (egg volume
700u 3 )

0

= l65,OOOu 3 ;

nuclear volume

=

Figure 12 gives a rough idea of this relationship
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in Echinometra Mathaei.

The egg on the right contains a

partially visible nucleus in its lower quarter.

Figure 25

shows the nuclei more clearly in eggs of T. gratilla.

The

halo surrounding the center egg is the jelly coat.
Fortunately there are means for removing over half the
cytoplasm without affecting the nucleus.

Sea urchin eggs

stratify and eventually divide in half when suspended over
an isotonic sucrose solution and centrifuged at high speed.
The heavier half, containing most of the yolk granules,
passes through the sucrose to the bottom of the centrifuge
tube.

This is called the red half by Harvey (1956 p. 124)

and, for the sake of consistency, will also be called that
in this thesis even though the color of the local eggs is

actually orange.

The lighter half, remaining above the

sugar, contains the nucleus, oil drops, mitochondria, some
yolk and clear cytoplasm.

This is called the white half.

The forces involved in pulling the egg apart are the weight
of the heavy yolk mass and the buoyancy of the light oil cap
(Harvey 1931).

These structures are shown respectively on

the left and right side of the egg in Fig. 13.
Materials and Methods
The following procedure is used to isolate nuclei from
the eggs of Echinometra Mathaei.

Eggs are obtained with the

use of acetyl choline as described in Chapter III, and
pooled.

They are then filtered once through nylon mesh

Fig.10 Eggs suspended over
0.7M sucrose in 50 ml tubes

Fig.11 Tube after centrifu
gation at 16,000 x G

,

•

Fig.l2 Eggs of E. Mathaei, diameter 83u (slightly flattened),
white area in lower third of right egg is the nucleus

;,~;.j,.
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Fig.13 Whole stratified egg
of ~. Mathaei, diameter 83u
-phase contrast

Fig.15 White half of E.
Mathaei egg without yolk,
+phase contrast

Fig.14 White half of ~.
ttathaei egg, diameter 53u,
nuclear diameter l2u, +phase
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containing openings about 180u across.

This removes debris

larger than the eggs and, unlike cheese cloth which is often
used, does not retain any of the eggs.

Generally about 25

ml of settled eggs are used per preparation.

After filtra

tion/ the eggs are allowed to settle in filtered sea water.
The excess water is then poured off and the eggs layered
over 15 ml of 0.7M sucrose in 50 ml cellulose nitrate cen
trifuge tubes with the aid of a pipette (medicine dropper) •
The eggs should be divided among as many tubes as are neces
sary to give about 8 ml of egg suspension per tube.

A

typical tube in which the eggs have not completely settled
is illustrated in Fig. 10.

Best results are obtained if the

interface between the sea water and sugar solution is not
sharp.

A diffuse boundary can be produced by a slight stir

ring of the interface with the pipette.

The tubes are next

placed in a high speed centrifuge such as the 8erval model
88-1 and centrifuged for 20 minutes at a speed required to
produce a force of 16,OOOxG at the interface (13,000 rpm).
After centrifugation, the tubes
Fig. 11.

~ppear

similar to

The mass at the bottom of the tube contains red

halves and debris not removed by filtration of the eggs.
There are generally three layers at the interface.

The top

two are almost indistinguishable in Fig. 11 but a faint line
of demarcation can be seen on the right side of the tube.
The lower layer contains stratified whole eggs (Fig. 13).
The middle layer contains white halves that still have a
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small amount of yolk (Fig. 14).

The top layer contains

white halves (actually smaller than half) which contain no
yolk (Fig. 15).

All three types of eggs contain a cap of

oil at the centripetal pole.

Only the top two layers are

used in the subsequent steps.

These are removed with the

aid of a J-shaped pipette which, if handled carefully,
removes only the desired layers.

An overall view of these

halves is shown in Fig. 16.
At this point the eggs contain 99.0% cytoplasm (white
half

= 7l,OOOu 3 ).

The numerical difference between this and

the whole egg (99.5%) is slight: however, half the cytoplasm
is gone and the heavy granular material, which would contam
inate the subsequent steps, has been removed.

More

important is the fact that the white halves are much weaker
than the whole egg and therefore are ruptured by forces that
do not rupture many of the nuclei.

Forces necessary to

rupture whole eggs also damage most of the nuclei.
The next step is to homogenize the eggs.

As mentioned

earlier, the commonly used methods destroy the integrity of
the nucleus along with that of the egg.

Vincent (1952), in

his work on the isolation of the nucleolus of the starfish
egg, found that forcing the eggs through a hypodermic needle
ruptured them without destroying the nucleolus.

This same

technique was the one finally settled upon for homogenizing
the sea urchin eggs.

In

this case a number 20 needle
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shortened to 2 cm in length is used with a 10 ml hypodermic
syringe.
The white halves, previously removed from the centri
fuge tubes, are first diluted with filtered sea water to a
concentration of 10

5

eggs per ml as determined by the method

described on page 99.

When the eggs are more concentrated

the nuclear yield is lowered.

This suspension is drawn

gently into the hypodermic syringe through the needle in 10

ml portions, and then forced into a clean beaker at a rate
which empties the syringe in about two seconds.

Microscopic

examination of a drop of the homogenate should be made after
the first 10 ml have been homogenized in order to determine
whether the suspension has been forced through the needle at
the proper rate.

Too slow a rate fails to rupture many of

the eggs, too fast a rate not only ruptures the eggs but
also many of the nuclei.

Thus a compromise, best determined

by experience, gives maximum yield with only a few whole
eggs remaining a

In order to make the nuclei visible, the

drop of homogenate should be stained with trypan blue as
described in Chapter

v.

If the nuclei are to be used only for DNA determina
tion, this and the subsequent steps can be carried out at
room temperature.

If other determinations are to be made,

presumably these steps should be done in the cold.
After homogenization is complete, the next step is to
remove as much of the large debris as possible.

This is
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best done by filtration.

without this step, broken egg

membranes follow the nuclei through the subsequent step,
producing a highly contaminated product.

In earlier work

these membranes were removed by passing the homogenate
through a loose mat of glass wool placed in the bottom of a
funnel.

The membranes were readily caught by the glass

fibers while the nuclei and small debris were not.

This

small debris, because of its comparatively low mass, does
not appear among the isolated nuclei in significant amounts.
More recently, absorbent cotton has proved to be somewhat
superior to glass wool and has the advantage of being easier
to handle.

A loose mat of cotton, about 5 cm in diameter

and 2-3 cm thick, is placed in the bottom of a funnel, and
the homogenate is slowly poured through it.

Generally two

or three passes, each time through a clean pad, is necessary
for proper filtration.

At the end of this operation the

discarded pads can be squeezed out into a separate container
and the liquid then passed through a clean pad (about half
the size of the previous pads) until it is free of large
debriso

It is then added to the previous filtrates.

Micro

-

scopic examination of the filtrate with the aid of trypan
blue is essential during this step.

Filtration is complete

when there are no pieces of egg material larger than the
nuclei.
The following step is the most critical.

At this time

the nuclei are separated from the rest of the homogenate.
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Fifty ml of the filtered homogenate are layered over 70 ml
of 0.7M sucrose in 250 ml round bottom glass centrifuge
tubes.

To prevent the phenomenon Anderson (1956) calls

"turnover", the interface should be diffuse and about 1 cm
thick.

Otherwise the packing of particles at the interface

due to centrifugal force causes a dense top-heavy mass to
form which then turns over and goes to the bottom of the
tube.

The tubes are then put in an International clinical

centrifuge (model SB) and gradually accelerated to 300xG
(1200 rpm) and maintained at this speed for four minutes.
The brushes of the centrifuge are released and the rotor is
allowed to coast to a stop.

If the preparation has been

carried out properly up to this point l

the

t~wes

should

appear to have nothing in the bottom.
The next step is to remove the liquid content of the
tubes.

The best means for doing this is to aspirate the

liquid through a glass tube drawn to a tip about 1 rom in
diameter a

The liquid is slowly drawn off from the surface.

Particular care should be taken to remove any debris from
the sides of the tube; otherwise this debris will flow down
the side of the tube into the isolated nuclei.

If the

liquid has been drawn off from the surface, by the time only
a centimeter or so remains l

there should be no indication of

the egg homogenate above the sugar layer.

The sugar solu

tion should continue to be carefully drawn off until the
tube is drained.

The bottom and lower sides of the tube
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will now, on close examination, appear slightly frosted.
This is due to the presence of the nuclei, which stick to
the glass with varying degrees of tenacity.
To remove the nuclei, 1 ml of 0.7M sucrose solution is
added to the tube and swirled rapidly around the bottom and
lower sides.

This dislodges many of the nuclei.

The solu

tion is then drawn out with a pipette and the process
repeated until few nuclei can be removed (about four times) •
In order to remove the last nuclei a seemingly rough but
very effective method is used.

One ml of sugar solution is

added and a rubber policeman is run over the sides and bot
tom of the tube.

The solution is then drawn off.

Microscopic examination reveals these nuclei to be in sur
prisingly good condition, though they are not quite equal to
the ones removed earlier.

These last nuclei are allowed to

settle overnight in the cold.

The sugar solution is drawn

off and the nuclei are added to the other washings.
When the washings are pooled they amount to 5 to 10 ml.
A small amount of this nuclear suspension is removed and the
number of nuclei determined with the aid of a haemocytom
eter.

It should be pointed out that the nuclei, when

counted in this manner, are not stained; this would dilute
them and produce an inaccurate count.

Although they can be

counted with bright field illumination, the use of a phase
contrast microscope is preferable.

The nuclear concentra

tion is generally in the range of 100 to 1,000 nuclei per
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microliter or about 5,000,000 per preparation.

If for some

reason it is desired to have the nuclei more concentrated,
they can be centrifuged down in a small tube at a slow
speed, or settled overnight, and the excess sugar solution
drawn off.
If the nuclei appear too contaminated with debris,
there is little than can be done.

Resuspension in sea water

and centrifugation over sugar solution has been unproductive
on several attempts.
The amount of contamination associated with properly
prepared nuclei should be no greater than 10%.

The exact

amount however is difficult to determine because it is com
posed almost exclusively of small pieces of cell membrane
which are very thin but dense enough to appear more impor
tant than they actually are.

Therefore, they may amount, in

area, to a contamination of 20-40%, but because of their
extreme thinness in comparison to the nuclei (which are
spherical) their total bulk is small.
The approximate percentages of nuclei remaining after
each step are:
whole eggs

100%

white halves

80%

homogenate

50%

filtered homogenate

40%

purified nuclei (yield)

12%
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The loss occurring after the first centrifugation is
caused by the failure of about 20% of the eggs to separate
into halves.

The 30% loss caused by homogenization can be

accounted for by the eggs that do not break and nuclei that
are destroyed by the treatment.
lost during filtration.

A few nuclei (10%) are also

The fate of the nuclei (28%) that

are lost during the final purification is not known.
In cases where limited numbers of nuclei are required,
final centrifugation can be done in 20 ml cel.lulose nitrate
tubes.

The sea water homogenate and excess sugar solution

are drawn off as described above, until about 1.5 cm of
clean sugar solution remains in the tube.

The tube is then

inverted to pour out the remaining solution.

Then, while

still inverted, it'is cut in two about 1 cm from the bottom.
When the tube is righted only sugar solution can drain back
into the bottom; all debris that might run back have been
cut off.

The technique yields very clean nuclei.

The eggs of other Hawaiian sea urchins have also been
used as a source of nuclei with varying success.

Echino

metra Mathaei oblongata and Colobocentrotus atratus, both
produce eggs that have properties similar to Echinometra
Mathaei.
Heterocentrotus mamrnillatus yields eggs with extremely
strong nuclei and the homogenate contains half again as many
nuclei as produced by any of the other eggs.

Unfortunately

the cytoplasm has a tendency to fragment into spheres
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ranging in size from that smaller than the nucleus to about
half the egg size.
procedure.

These spheres behave like nuclei in the

Cytoplasmic spheres could possibly be prevented

from following the nuclei by increasing the density of the
final sugar solution.

This was not followed through

howeve~

because these urchins are not particularly abundant.
Tripneustes gratilla eggs (Fig. 25) do not work in this
procedure

0

The eggs can not be satisfactorily centrifuged

into halves because only about a quarter of the lower por
tion breaks off.

Figure 21 illustrates a typical (except

for the nuclei) half.

This particular egg contained two

nuclei,' a phenomenon that has been observed several times in
eggs of this urchin.

After prolonged centrifugation the oil

cap, which is the source of buoyancy for the egg, separates
from the centripetal pole and the white half goes to the
bottom of the tube.

Even when nuclei can be obtained in

homogenates they are very weak and usually are destroyed by
the

iso~ation

procedure.

Because of the short spawning season of Echinothrix
diadema, Eo calamaris and Diadema paucispinum, the eggs were
not used in this research except to obtain the immature nuc
lei illustrated in Figs. 23 and 24.
Discussion
As far as the author knows, this is the first time
nuclei have been isolated in mass from the sea urchin egg
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or, for that matter, from the

matu~e

eggs of any animal.

Marshak and Marshak (1955a) describe a method for isolating
nuclei from the starfish egg (which is not mature); however
the method is apparently not too satisfactory.
trated nuclei are badly altered and clumped.

The illus
These authors

do not state the purity, except to note that 95% of the
cytoplasm had been removed, nor do they give the yield.
, Recently Finamore et al. (1960) have descri~ed a means of
isolating nuclei from "mature ovarian eggs" of the frog.
Their technique involves cutting the ovary into thin sec
tions.

By

appropriate treatment, the eggs contained in

these sections extrude their nuclei.

The term "mature

ovarian eggs" does not mean that the eggs are mature, but
only that the nuclei were isolated from eggs contained in
mature ovaries.

The nuclei have not actually begun matura

tion division at this stage (Rugh 1951 p. 71) and therefore
are immature.
The first question that should be answered concerning
the sea urchin egg nuclei isolated by the method described
here is -- are they actually nuclei?
only been an assumption.
fairly easily.

Up to now this has

That they are nuclei can be shown

The egg on the left side of Fig. 17 illus

trates a nucleus as it appears under positive phase contrast
in an intact white half.
surrounding egg.

The nucleus is lighter than the

(The reason for this will be discussed in

the following paragraph.)

The egg on the right has been

Fig.l? White halves of E. Mathaei eggs, left egg intact,
right egg ruptured, nuclear diameter llu, +phase contrast

: ·w,,"

•

' • . • . .;,

Fig.1S Trypan blue stained
nucleus in ruptured egg of ~.
Mathaei, nuclear diameter llu

Fig.19 Isolated nuclei of E.
Mathaei, diameter llu, +phase
contrast
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ruptured and the nucleus has come in contact with sea water;
it is now darker than the cytoplasm.

The isolated nuclei

are the same size, uniform shape, and are also dark under
positive phase contrast (Fig. 19).

Nuclei that have been

forced from the egg while being observed under the micro
scope also acquire the appearance of those illustrated in
Fig. 19.

If this latter process is observed with bright

field illumination in sea water containing trypan blue, the
nuclei become blue as soon as they corne in contact with the
sea water.

Figure 18 shows such a nucleus still surrounded

by its cytoplasm but in contact with sea water.

Isolated

nuclei stain with trypan blue and are indistinguishable from
the nuclei followed under the microscope.

In fact by alter

ing the homogenization medium the isolated nuclei can be
made to look almost exactly like the nucleus shown in Fig.
15.

Isolated nuclei show all the properties of nuclei whose

passage from the egg has actually been observed and are
therefore, without a doubt, the same thing.
Physical Properties of Isolated Nuclei
A number of important nuclear changes occur during the
isolation process.

Figures 14, 15 and 17 illustrate nuclei

as they appear under phase contrast prior to rupturing the
egg.

The nuclei under positive phase contrast are lighter

than the surrounding cytoplasm while those under negative
phase contrast are darker.

When nuclei corne in contact with
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sea water the phase contrast appearance is reversed; the
positive phase nuclei become very dark, the negative phase
ones become very light.

Figure 17, mentioned previously,

illustrates this change.
Whether any body appears lighter or darker than its
surrounding medium depends on its index of refraction in
relation to that of the medium (Richards 1946).

Using

positive phase contrast to illustrate this point, a body
that appears light, has an index of refraction less than the
medium while a dark body indicates a greater index of
refraction.

With negative phase contrast the reverse is

true.
Nuclei in the intact egg have an index of refraction
less than that of the cytoplasm, and slightly less than that
of sea water (see Figs. 14, 15 and 17).

Those in sea water

have an index of refraction greater than sea water (see
Figs. 17, 19 and 22).

Thus the nucleus has undergone a

physical change during the homogenization process.

This has

been observed on several occasions when the nuclei of eggs,
ruptured by squashing them between a slide and cover slip
under the microscope, were released in the field of view.
The change in refractive index takes about two seconds for
Echinometra Mathaei nuclei and about four seconds for the
nuclei of Tripneustes gratilla.

If the eggs are ruptured

Fig. 20 Sperm of E. Mathaei in Fig.2l White half of T.
trypan blue, top arrow live
gratilla egg, note double
sperm, bottom arrow dead sperm nucleus, -phase contrast

Fig. 22 Isolated nuclei of E. Mathaei, note granular appear
ance, diameter llu, +phase contrast
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but the nuclei remain only in contact with cytoplasm, the
refractive index is not altered.
A second nuclear change is caused by the isolation
procedure.

The nuclei in the intact eggs almost never show

any internal structure, except for a dense body that forms
at the centrifugal side of the nucleus during centrifuga
tion.

(This body will be discussed later.)

The isolated

nuclei, however, have a granular appearance which becomes
apparent under high magnification (Fig. 22).

According to

Lepeschkin (1937) this is typical of cells and cell parts
that have undergone drastic changes.
The free nuclei also increase greatly in density.

When

the whole egg is centrifuged at high speed in order to form
the two halves, the nucleus comes to rest just below the oil
cap at the centripetal pole.

The nucleus, because it is

high in the white half, must be lighter than the cytoplasm.
Heilbrunn (1958 p. 38) feels that the nucleoplasm has a
density no greater than 1.03.

The density of the complete

nucleus (nucleoplasm plus the membrane) could not be much
more than this.

Therefore the nucleus should be lighter

than 0.7M sucrose (specific gravity

= 1.09).

However, when

the homogenate is centrifuged over this solution, the nuclei
are the first to pass to the bottom of the tube and there
fore have a density greater than 1.09.

If the homogenate

is centrifuged over 1.4M sucrose (specific gravity 1.17)
the nuclei still sink.

Not even the heavy red half of the
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egg, which is obviously more dense than the nucleus in the
intact egg, will sink in this solution.

The nucleus must

therefore have actually become more dense upon leaving the
eggo
This increased density could have come about in two
ways.

First the nucleus could have acquired material from

outside and by this means actually increased in weight.

The

increase in refractive index could be considered the result
of this.

Such an explanation raises more problems than it

solves.

The acquired material would almost certainly have

to be ions from the sea water.

In order to gain enough

weight these could not simply be taken up as protoplasmic
salts, which would not increase the nuclear weight greatly,
but would almost certainly have to be formed into large
masses in the nucleus.

This does not seem likely.

A more probable explanation can be found by postulating
a change in the nature of the nuclear membrane.

In the

intact egg this membrane seems to exhibit the properties of
a semipermeable membrane (Churney 1942) though one with some
unusual properties (Harding and Feldherr 1958).

The iso

lated nuclei, on the other hand, can be transferred through
a variety of solutions ranging from sea water diluted in
half (in which they swell slightly) to 1.4M sucrose (in
which they shrink slightly).

This nuclear membrane is

obviously not semipermeable.

Instead it is completely

permeable at least to molecules of the size of sucrose.
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(The swelling in hypotonic sea water could be due to
hydration of the nucleoplasm.)

Since the nucleus stains

with trypan blue (molecule weight 96l) it is also permeable
to molecules of that size.

With such a membrane, the

density of the isolated nucleus can not depend on its water
content, but instead must be the result of the organic
makeup of its nucleoplasmo
solution the nucleus is in.-

This would be bathed in whatever
Most of the non-water soluble

biological materials such as chromosomal material are
heavier than sugar.

Therefore, as would be expected, the

nucleus sinks even in high concentrations of sugar.

The

nuclear membrane of the isolated nucleus can therefore be
pictured as a spherical screen surrounding and containing a
porous mass of heavy organic material.

That there are large

holes in the nuclear membrane is readily apparent from the
electron micrographs of Afzelius (l955).

CHAPTER V
STAINING OF FREE NUCLEI

When the white halves are homogenized a large number of
assorted spherical cytoplasmic structures are formed.

Under

phase contrast or bright field illumination these spheres
are indistinguishable from the nuclei that are also present
in the homogenate.

In order to distinguish the nuclei the

following simple staining procedure was developed.
Materials and Methods
A drop of homogenate is placed on a clean slide.

A

small amount of 0.4% trypan blue dissolved in distilled
water is added to the drop and stirred.

A convenient stain

applicator is a small stirring rod 3 rom in diameter, the tip
of which is touched to the surface of the stain.

The amount

of stain that adheres is approximately the correct volume to
give the drop of egg material a faint bluish color.

The

nuclei will stain blue while cytoplasmic spheres and most
other material will not.

Sometimes pieces of debris will

stain; however, these look nothing like nuclei and are of no
importance.

If too much stain is added to salt solutions,

the stain coagulates into irregular granules that can
obscure the nuclei.
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Results and Discussion
A large number of stains were tried before trypan blue
was used, but only one of these, methyl blue, seems to work
as well.

Congo red, which has a formula very similar to

trypan blue also stains the nuclei; however, it stains the
cytoplasm with the same intensity.

Most of the other stains

simply did not stain the nuclei.
The actual mechanics of the trypan blue staining is not
known at this time.

In fact an examination of the litera

ture gives the impression that little is known about this
stain.

It has often been used as a vital stain but because

of its large size (molecular weight 961) some doubt arises
about whether it acts like a stain or a particle that can be
phagocytyzed (Evans and Schulemann 1914).
Trypan blue has been reported to stain the exposed
nuclei of plant cells (McWhorter 1941), but it apparently
does not vitally stain nuclei.
with the sea urchin egg.

In fact no vital stain for these

nuclei is at present known.
stains which do not work.

This is certainly the case

Harvey (1956 p. 126) lists 18
She claims that "the nucleus does

not stain, vitally, in any dye" (p. 125).

The ability of

free nuclei to stain could therefore be the result of a
physical change.

It could also result from the fact that

the cytoplasm prevents the proper stain from reaching the
nucleus of the intact egg.

~

..

•
Fig. 23 White half of immature Fig.24 Nucleus of immature
E. diadema egg, nuclear diam E. diadema egg stained with
eter 47u, +phase contrast
trypan blue, diameter 48u
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Fig.25 Eggs of T. gratilla showing nucleus and jelly coat,
egg diameter 80u, with jelly coat llOu (slightly flattened)
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Trypan blue is considered an acid stain l i.e. 1 it car
ries a negative charge, and will therefore be picked up by
basic material l or material carrying a positive charge.

The

identity of the material in the nucleus that fulfills this
requirement is unknown.
guess.

A basic protein would be one

Because basic proteins are supposedly bound to

nucleic acids it is quite probable that trypan blue stains a
nucleoprotein.
There is some evidence to support this.

Figure 23 is

of a nucleus (germinal vesicle) in the white half of an
immature Echinothrix diadema egg.
oval body on the right.

The nucleolus is the dark

Surrounding the nucleolus is a

fUzzy mass of material which is the chromatin.

Prior to

centrifugation the chromatin is scattered as long strands
throughout the nucleus and looks very much like lamp brush
chromosomes.

In the centrifuged egg this material collects

at the centrifugal pole.

When these white halves are rup

tured l by compression between a slide and cover slip in a
medium containing reduced amounts of NaCI (see Chapter VII) ,
the nuclei look like Fig. 24.

The nucleolus and chromatin

stain strongly with trypan blue: the rest of the nucleus is
relatively clear, sometimes hardly staining.

This would

indicate that trypan blue stains chromatin and that the
staining of the mature nucleus may also be due to the same
material.
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This staining is not a chemical reaction but seems to
be the result of electrostatic attraction.

If the nuclei

are transferred to clean media they lose the stain.

This

would be expected if the stain were loosely attached.
In an attempt to further identify the material picking
up this stain, sea urchin sperm, whose chemical makeup is
fairly well known, were placed in a trypan blue solution.
Only the heads ·of dead and partially swollen sperm are able
to stain.

The middle piece and tail do not (Fig. 20).

Thus

the sperm head which is predominantly nucleoprotein, like
the nucleus, stains only under moribund conditions.

The

sperm, however, stain no more intensely per unit area than
the nucleus.
to contain the

Since the sperm and nuclei would be expected
~ame

amount of nucleic acid (see Chapter IX),

this should result in a denser nucleoprotein in the smaller
volume of the sperm.

The sperm should stain more intensely

if the same nucleoprotein were the staining site in both
cases.

Failure of the sperm to so react could be explained

if the sperm contained less basic protein, basic protein of
a different type, or if it were too compact to stain well.
As Chapter VII shows, the amount of trypan blue stain
ing remain£ constant even though in some cases the appear
ance of the nucleoplasm changes.

Nuclei, in media which

cause poor staining, are fragile and, under phase contrast,
apP7ar to have lost their contents.
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These results all lend support to the theory that
trypan blue staining is an indicator of the condition of the
nucleoplasm and possibly its nucleoprotein content.

The

fact that the nuclei also stain by the Feulgen method lends
further support to this view (see Chapter X) •

CHAPTER VI
NUCLEOLUS

This research turned up an interesting, and so far
incompletely explained, structure in the nucleus of Echino
metra eggso

Figures 14 and 15 show the presence of a very

dense body lying against the nuclear membrane.

This body is

always present in the nucleus of the white half of centri
fuged eggs.

It was at first assumed simply to be the nuc

leolus, which is present in the immature egg of most, if not
all, sea urchins (Figs. 23, 24 and 26).

In fact it pos

sesses many of the properties of the nucleolus.

It is

denser than the nucleoplasm and comes to rest at the centrif
ugal pole of the nucleus.

It is about the same relative

size as the nucleolus (compare Figs. 26(j) and 15).

Under

the proper conditions both it and the nucleolus stain darkly
with trypan blue.

It also disappears when the nucleus is

exposed to sea water.
also does this.

In

1he nucleolus of the germinal vesicle

short, it could be considered the

nucleolus, except for one discrepancy -- it is not visible
in the mature Yncentrifuged egg.
This last fact is not as easy to determine as one might
at first assume.

The egg is practically opaque; the nucleus

seen in the right egg in

Fig~

12 is unusually apparent but

gives no indication of the presence or absence of a nucleo
lus.

In order to render the nuclei visible and at the same
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time change the egg as little as possible, the egg has to
be flattened.

This is done by placing a drop of egg/sea

water suspension on a slide, covering it with a cover slip
and then slowly drawing off the water by touching a piece
of absorbent paper to the edge of the cover slip.

If the

cover slip is placed off center in relation to the drop, the
eggs will be more compressed on one side of the cover slip
than the other.

This produces different degrees of flatten

ing, and gives the best chance for finding a nucleus that
can be examined.

Usually the flattening necessary to give a

clear view of the nucleus also ruptures the egg.

However,

as long as the sea water does not corne in contact with the
nucleus, rupturing the egg seems to have no adverse effect.
All the eggs examined after preparation in this way
contained no nucleolus.

When an egg still in the germinal

vesicle stage was flattened, the nucleolus was always
visible.

Therefore one might conclude that the body found

in the centrifuged egg is the result of high centrifugal
force which causes dispersed nuclear material to collect at
the centrifugal pole.

Further experimentation however

indicates that this is not correct.
If whole, uncentrifuged eggs are suspended in a medium
containing no NaCl (replaced by glucose) and then flattened,
this nucleolus-like body is very often visible (Fig. 26(k».
Further, if whole eggs are broken in this medium by quickly
compressing them under a cover slip, nuclei are released
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which contain this body (Fig. 26(m)).

(Nuclei are seldom

released intact by forcing whole eggs through a hypodermic
needleo)

These nuclei are, in fact, identical to nuclei

released from white halves homogenized in this medium
(Fig. 26(c)).

The nucleolus-like body is therefore not

found exclusively in the centrifuged egg and is almost
certainly not the result of centrifugal force acting directly
on the nuclear contents.
Since this body is only present in whole eggs when
there is no, or very little, NaCl surrounding the egg, it
would seem to be a product of the medium the egg is in.
When the eggs are centrifuged the white halves come to rest
in a sucrose-sea water mixture that contains less than half
the NaCl found in sea water.

Therefore the egg is actually

exposed to a reduced NaCl content at the same time the cell
membrane is being subjected to great strain, with increased
permeability possibly resulting.

The nucleolus-like body

may ·form in this reduced NaCl concentration.
This nucleolus-like body is not present in all centri
fuged eggs.

The author can find no mention of it in the

works of Ethel Browne Harvey who certainly would have
noticed such a structure if it were present in Arbacia eggs.
Centrifuged eggs of Tripneustes also do not have this body.
Nuclei released from this egg into a NaCl free medium look
like Fig. 26(i).

In very rare instances the eggs of
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Echinometra yield nuclei that contain more than one body.
Figure 26(h) shows a nucleus with three.
Without the use of specific cytochemical techniques it
is impossible to state whether this body is chemically
identical to the nucleolus of the germinal vesicle nucleus.
Observations that have been made indicate that it is at
least similar; for example, this body is not Feulgen posi
tive and therefore presumably contains no DNA.
Whether or not it can actually be called a nucleolus
would seem to depend on what one considers the necessary
requirements.

De Robertis et ale (1954 p. 58) define the

nucleolus as a refractile spherical body found in the
nucleus.

The nuclear body is, for all practical purposes,

spherical and refractile.

Therefore, by this definition, it

is a nucleolus and for the remainder of this thesis will be
referred to as such.
Not enough work has been done to support more than a
guess as to where this nucleolus comes from.

It could, of

course, be present in all egg nuclei, but have the same
index of refraction as the nucleoplasm.

This does not seem

likely, and besides it would deprive the nucleolus of one
of its essential characteristics.

It is more probable that

the nucleolus forms by some type of condensation of certain
nucleoplasmic materials at a point along the nuclear mem
brane.

(All of these nucleoli examined so far have been
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attached to the membrane.)

Why this should occur in some

sea urchin eggs and not others is unknown.

CHAPTER VII
REACTION OF NUCLEI TO DIFFERENT IONS

In the isolation procedure described in the preceding
chapter, sea water was used as the homogenizing medium.
This works adequately but the final yield is low.

In an

attempt to increase the yield, a number of other media were
investigated in the hope of finding one that would weaken
the egg membrane but at the same time, increase the strength
of the nucleus.
remains the best.

No such medium was found and sea water
Eggs homogenized in solutions of glucose,

sucrose, glycerine and related chemicals, gum arabic, serum
albumen, and a variety of neutral salts and buffers yield
no nuclei, or nuclei that are very weak.
Apparently some, or all, the chemicals present in sea
water are essential for the maintenance of nuclear integ
rity.

Experimental results indicate that NaCl, MgC1 2 , CaC12

and possibly KCl (all in the concentrations of sea water)
are the only required chemicals.

If the proportions of

these various salts are changed the appearance of the nuclei
are also changed, in some cases very drastically.

This

offers an excellent opportunity to observe the effect of
several biologically important compounds on the nucleus.
Figure 26 illustrates nuclei of Echinometra

Mathae~

have been released into some of these mixtures.

that
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Materials and Methods
The nuclei are obtained by the homogenization method
outlined previously, with a few modifications.

The whole

eggs are centrifuged over 0.7M sucrose to form nucleated
white halves.

The white halves are then removed and diluted

with five volumes of the medium in which the halves are
later to be homogenized.

They are concentrated by centrif

ugation at slow speed and resuspended in the same medium.
In order to reduce the effect of cytoplasmic constituents
going into solution, this final suspension should not con
tain a high concentration of white halves.
halves/ml were used in this work.

About 5,000

The nuclei are released

by forcing the suspension through a #20 hypodermic needle at
a rate of 10 ml/4 seconds.
The formula for the various media used to produce the
nuclei in Fig. 26 are given in Table I.

With the exception

of (d) and (g) all the media are roughly isotonic with sea
water.

The removal of one mole of any salt was replaced by

two moles of glucose.*

This is necessary because the salts

ionize while glucose does not.

Obviously this method of

replacement does not quite equal the osmotic pressure of the
two divalent salts.

However they are present in such low

concentrations that the difference is not significant.

* For the purpose of these experiments glucose is assumed
to be inert. None of the results indicate the contrary.

Table I

Formula for the homogenization media used to produce the nuclei
illustrated in Fig. 26. All numbers are grams per 100 ml of solution.
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

glucose

0000 14.00 14.40

7.20

1.00

1.00

0.00 14.40 14.40

NaCl

2.30

0.15

0.00

0.00

2.30

2.30

0.04

0.00

0.00

MgC1 2 .

0.47

0.47

0.47

0.47

0.47

0.00

0.31

0.47

0.47

CaC1 2

0.11

0.11

0.11

0.11

0.00

0.00

0.07

0.11

0.11

KCl

0.07

0.07

0.07

0.00

0.07

0.07

2.00

0.07

0.07

(j)

(k)

(m)

14.40 14.40
en
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Fig.26 Nuclei from E. Mathaei eggs (i from T. gratilla)
released into media given in Table I: j is in fragment of
whole egg, +phase contrast: k is in flattened egg, -phase
contrast: measurements are nuclear diameters
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Rather than weigh out the proper amount of each
chemical used in the media, the chemicals were dissolved
separately in large volumes at the ratio of 1 gm per 10 ml
of solution, except for glucose which was made up as 2 gm
per 10 ml.

The various media were then made up volumet

rically and diluted to 100 ml.
All nuclei in Fig. 26 except (j)

and (k) are stained

with trypan blue in the manner described previously.
Results
There are a number of consistent changes occurring as a
result of changes in the homogenizing media.
or the medium given in Table I
illustration (a).
a nucleolus.

(a)

In sea water

the nuclei look like

They appear almost homogeneous and lack

Except for the increased index of refraction

mentioned earlier, these nuclei most closely resemble the
nuclei of intact eggs.

If the NaCl concentration is greatly

reduced (b), the nucleoplasm becomes somewhat more granular
and the nucleolus is present.

If no NaCl is present the

nucleoplasm seems to undergo a form of coagulation (c).
Media (a)

(b) and (c)

are all isotonic.

If they are

made hypotonic the results are somewhat changed.

Sea water

diluted in half with distilled water yields nuclei that look
like (b)

except that the nuclear membrane is often slightly

crenulated.

By replacing the NaCl of medium (a) with one

mole of glucose rather than two moles, the nuclei will look
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like (b) when 1.2 gm of NaCl remains.

As the NaCl concen

tration is reduced the nucleoplasm becomes progressively
more granular.

With 0.1 gm of NaCl it looks like (c) and

.

finally with no NaCl it looks like (d).
represents the extreme condition.

This nucleus

Most of the stainable

nucleoplasm has become attached to the inside of the nuclear
membrane in the form of small ·spheres and short fibers.

In

some cases the spheres are large enough to be indistinguish
able from the nucleolus.
One could postulate that the nucleus contains two
classes of material affected by reduced NaCl concentration.
One forms into a sphere when the amount of NaCl is slightly
reduced: the other does not until the NaCl is completely
removed and the osmotic pressure reduced.

It is tempting

to identify the former as ribonucleoprotein, one of the
major components of a nucleolus, and the latter as deoxy
ribonucleoprotein or chromatin.
When the NaCl concentration is reduced both-the amount
of Na+ and Cl- are reduced, or looking at it from another
point of view, the homogeneous appearance of the nuclei in
medium (a) could result from high Na+ or Cl-.

To determine

whether the chloride ion is of importance, the NaCl in
medium (aL was~~placed by Na2S04 (~ mole/mole NaCl) •
Halves homogenized in this medium yield nuclei identical in
appearance to Fig. 26(a).

Therefore the chloride ion is not
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the important factor, and the homogeneous appearance of
nucleus (a) must, at least in part, be due to the sodium
ion.
The other three ions present in medium (a) are Mg++,
Ca++ and K+.

Potassium is present in low concentration and

its removal has no noticeable effect on the nuclei.

If the

eggs are homogenized in a solution of NaCl and MgC1 2 (medium
(e)) the nuclei look like (e).

The nucleoplasm becomes

coagulated into an irregular mass rather that into reticular
like formations found in nuclei in medium (c).

Homogeniza

tion in a medium consisting of 2.3 gm NaCl and 0.1 grn caC1 2
in 100 ml produces nuclei that look like (a).

The Ca++ con

centration in this solution is equal to the Mg++ concentra
tion in medium (e) on a molar basis.

The effect of Ca++ and

Mg++ in the presence of Na+ is obviously not the same.
The next step is to determine what effect ca++ and Mg++
have alone.

Nuclei in a solution consisting of 14 gm

glucose and 0.5 gm MgC1 2 in 100 ml look like nucleus (c).
Nuclei in 14 gm glucose and 0.1 gm CaC1 2 also look like (c).
Therefore when sodium is not present, the effect of Ca++ and
Mg++ at these concentrations is identical.
When eggs are homogenized in a medium consisting only
of 2.3 gm NaCl and 2 gm glucose the nuclei are very fragile
and stain lightly with trypan blue.

This is also true of

nuclei in an isotonic glucose solution (medium (f)).
nucleus of this type is shown in Fig. 26(f).

A

If as little
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as .006 gm of CaC1 2 is added to this medium the nuclei
retain their nucleoli and stain lightly with trypan blue.
When NaCl of medium (a) is replaced by KCl (i.e. 1 3 gm
of KCl, 0.5 gm MgC1 2 and 0.1 gm CaC12) the nuclei will look
like Fig. 26{g) except for the absence of the nucleolus.
If this medium is diluted by 1/3 {medium (g)) the nucleolus
is retained and the nuclei look like (g).

The action of

KCl and NaCl is similar in that both destroy the nucleolus
and prevent the formation of the reticulum.

However, KCl

leads to a shrinking of the nuclear content away from the
cell membrane (except for the nucleolus).
takes about five minutes to complete.

This shrinking

As with the NaCl

glucose medium, nuclei are very weak in a medium of 3 gm
KCl--2 gm glucose.

They stain faintly with trypan blue.
Discussion

These results would appear to extend Heilbrunn's con
cept of the biological effect of calcium, magnesium and
sodium to the nucleoplasm (Heilbrunn 1952 Chapter 33).
According to Heilbrunn calcium and, to a lesser extent,
magnesium "clot" protoplasm while sodium tends to prevent
this.

Obviously the same phenomenon occurs in the egg nuc

leus, with possibly the only difference being that calcium
and magnesium are more equally effective in bringing about
"clotting. "
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If the two divalent ions are truly antagonistic, one
would expect an increase in calcium and magnesium over the
concentration in sea water to have the same effect as a
decrease in sodium concentration.

Two media were made up,

one containing 1.2 gm NaCl and 2 gm MgC1 2 , the other 1.2 gm
NaCl and 2 gm CaCl.

This lowered amount of NaCl has no

effect on the nuclei when CaC12 and MgC12 are present in
normal concentrations.

Nuclei released into either of these

media look somewhat less reticulated than (c) and do not
contain a nucleolus.

Therefore at these concentrations

calcium and magnesium are antagonistic to the action of
sodium.

The nucleolus apparently is more sensitive to

total sodium concentration than to the antagonistic action
of calcium and magnesium.
All nuclei in

~ig.

26 except (f),

take up the same amount of trypan blue.

(j) and (k) appear to
Nuclei with

coagulated nucleoplasm show no staining in the clear areas.
A summary of the nuclear changes described above is
given in Table II.

The letter in parentheses refers to the

nucleus in Fig. 26 most closely resembling the described
nuclear appearance.

In some instances the nucleus referred

to may not have been in the particular medium under consid
eration.

Table II

Summary of nuclear appearance in various ionic
media.

media*

nuclear appearance

glucose

fragile, do not stain with trypan blue,
no nucleolus (f)

glucose + low Ca

homogeneous, stains lightly, nucleolus
present (b)

glucose + Na

fragile, stains faintly, no nucleolus

glucose + K

fragile, stains faintly, no nucleolus

glucose + Mg

nucleoplasm reticulated, nucleolus
present (c)

glucose + Ca

nucleoplasm reticulated, nucleolus
present (c)

glucose + Mg and Ca

nucleoplasm reticulated, nucleolus
present (c)

Na + Mg

nucleoplasm coagUlated, no nucleolus (e)

Na + Ca

nucleoplasm homogeneous, no nucleolus
(a)

Na + Mg + Ca + K

nucleoplasm homogeneous, no nucleolus
(a)

low Na high Mg

nucleoplasm reticulated, no nucleolus
((c) less nucleolus)

low Na high Ca

nucleoplasm reticulated, no nucleolus
((c) less nucleolus)

high K low Na

nucleoplasm contracted, no nucleolus
((g) less nucleolus)

*

see text for actual composition
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Anderson and Wilbur (1952) and Ris and Mirsky (1949)
have described some of the changes rat liver nuclei undergo
-when exposed to a number of different salts.

They report a

granular appearance of the nucleoplasm when exposed to CaC12
or MgC1 2 •

Unlike the results reported here, the nuclei are

also granular in NaCl solution.

Judging by the published

illustrations, the granularity of the rat liver nuclei is
not as extensive as that produced in sea urchin nuclei.
Anderson (1953) reports the presence of blisters on nuclei
in hypotonic solutions.

These were never observed in solu

tions hypotonic to sea urchin egg nuclei.

The above authors

also report that all nuclear changes brought about by the
different salts are completely reversible.
of the egg nucleus.

This is not true

If nuclei released into a sodium free

medium (c) are transferred to sea water, the nucleolus
disappears but the appearance of the nucleoplasm does not
change. markedly.

There is a tendency for the nuclei to

appear more homogeneous, but this never approaches the
appearance of sea water nuclei.

Nuclei released into sea

water will become slightly granular when transferred to a
medium without sodium but will not acquire a nucleolus and
fail to look like nuclei initially released into such a
medium.

The nuclear isolation procedure, of course, depends

on the fact that nuclei released into sea water remain
strong and retain their contents when transferred to
isotonic sucrose.

Yet if nuclei are released from the egg
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into sucrose they almost always disintegrate.

In short, the

sea urchin egg nucleus is not directly comparable to the
mammalian nucleus.

There are actually very few situations

in which they behave the same.
Inorganic Ion Content of Eggs and Media
Medium (a) and sea water both yield strong homogeneous
nuclei.

These media might be expected to have an inorganic

ion makeup similar to that found in the egg.

However, a

comparison of the total inorganic content of the egg and
that of medium (a) or sea water shows wide differences.
Table III presents such a comparison.

The sea urchin egg

data is taken from Rothschild and Barnes (1953), who used
Paracentrotus lividus eggs.

The inorganic composition of

sea water is from the Hand Book of Biological Data.

All

numbers are rounded off to the first significant figure.
Table III

The inorganic composition of sea urchin eggs,
media (a) and sea water in grams per 100 rol.
media

ill

ion

~

Na

0.1

0.9

1.0

Mg

0.02

0.1

0.1

Ca

0.01

0.04

0.04

K

0.08

0.03

0.04

Cl

0.2

2.5

2.0

8°4

0.04

0.00

0.3

~

water
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There are two very striking differences between the egg
inorganic composition and the two media.

First, the total

concentration in the eggs is about a tenth that of either
media.
ent.

Second, the sodium-potassium ratio is much differ
The amount of potassium is even higher in the egg than

in the two media.

When eggs are homogenized in a medium

made up to resemble the inorganic composition of the eggs,
the nuclei do not survive.
extreme dilution.

This is apparently due to

CHAPTER VIII
METHODS FOR THE MEASUREMENT OF DNA

There are two basic ways the DNA content of any cell or
cell part could be measured.

One is to analyze a single

cell, or part, with the use of some micro-method.

The other

is to use large numbers of a single cell, or part, which can
be analyzed by standard biochemical procedures.

In attempt

ing to measure DNA in the sea urchin nucleus both the above
analyses were tried, with the latter proving to be prefer
able.

Though the micro-method that was developed did not

lead to the desired results in this research, the technique
should find other applications, possibly in unrelated
problems.

For this reason a description of the technique

and its theoretical background will be presented here.
Single Cell Analytical Method
The micro-analytical method developed by the author
requires the use of a radioactive isotope as a non-colored
"stain".

The isotope used in this case was the trivalent

metal yttrium in the form of y91.

This metal is known to

unite with the DNA molecule at the phosphorus groups (Stern
and Steinberg 1953).

It should be mentioned that a method

for analysis of alkaline phosphatase using radioactive
methelyene blue has recently been developed by Shugar
(1958); but due to the low specific activity of his stain it

has not been very successful in his experiments.
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To use y9l as a "stain", the following steps are
required.

First a method for exposing the phosphorus posi

tions on the DNA molecule is needed.

The DNA, when treated

with y9l, should bind one y9l atom per three phosphorus
positions.

After washing off the excess y9l the number of

measured radioactive disintegrations should be proportional
to the amount of DNA.

The following calculations show how

small an amount of DNA could be measured under ideal condi
tions.
Assume that the counting equipment can detect and
register 20% of the y9l disintegrations, and that the mini
mum usable count is 20 counts per minute above background.
At this minimum rate 100 atoms of y9l would have to disinte
grate per minute or 1.7 per second.
With these values the minimum measurable quantity of
DNA can be determined.

The number of y9l atoms required to

give 20 counts per minute is calculated from the formula
N

RT
= -0.693
-

where N is the number of atoms (y9l in this

case) present at any given instant, R the rate of disinte
gration (for y9l, the number of beta particles) and T the
time expressed in seconds to give a short interval appli
cable to most isotopes.

The derivation of this formula may

be found in Glasstone (1950).
By

substituting the value for R,

N

= 1.7T

0.693

= 2.5T

which is the minimum number of radioactive atoms with a half

70
life of T seconds that can be detected.
y91 is 60 days or about
multiplied by 2.5, equals

5.2 x 10 6
13 x 10 6

The half life of

seconds.

This number

atoms of y91 theoreti

cally detectable at 20 counts per minute.

Assume each of

these atoms is bound to three DNA phosphate groups.
average molecular weight of a nucleotide is 327.
the minimum grams of DNA measurable are
which equals

2.1 x 10- 14

grams.

The

Therefore

(3) (327) (13 x 106 )
6 x 10 23

The figure in the denom

inator is Avogadro's number.
Unfortunately the difference between theory and prac
tice in this instance is large.

One of the major problems

is the fact that not only does DNA react with the y91, but
so do other components of the cell.

This problem can be

avoided to some extent by comparing two preparations, one
wi th DNA and the other with the DNA removed by the action of
deoxyribonuclease (DNase), an enzyme specific for DNA.
Because volumes in the order of .0001 rnl are utilized
in analysis at the single cell level, a method for handling
such small amounts had to be developed.

For examp16, cells

could not be simply squashed on a slide, and then treated
with DNase and y9l.

The y91 is picked up by the glass as

well as by the specimen.

This can lead to a nonspecific

radioactivity high enough to swamp any differences due to
the presence of DNA.

Several methods were tried in an

attempt to avoid this occurrence.

Ultrarnicro dialysis was
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used to remove the excess y91 from a small drop of cell
preparation.

The y91 was removed, but the analytical

results were highly erratic and could never be made repro
ducible.

Ultramicro filtration was also tried with the same

results.

A method depending on precipitation of the DNA- y 91

complex, followed by centrifugation in minute centrifuge
tubes~

also worked but gave highly variable results.

A fourth method was developed which was reproducible
and at the same time allowed the use of very small volumes.
This involved the use of small glass rods, one end of which
was polished flat (Fig. 27).
3 rom in diameter.
polished end.

These rods were 3 cm long and

All procedures were carried out on the

Because all rods had the same diameter, the

surface with which the isotope could come in contact always
remained the same.

(Due to the nature of the forces

involved the drops seldom crept down the sides of the rods.)
Thus the amount of isotope sticking to the glass remained
constant and small.
The procedure for utilizing these rods includes the
following steps.

A drop of cell suspension containing 100

1,000 cells is placed on the ends of two rods.

A third rod

was treated with everything but the cells and used as a
blank.

In most of this work sea urchin sperm were used,

and it was found best to suspend them in distilled water
prior to their use.

The water causes the sperm to swell,

but if handled carefully, they do not rupture.

A drop of
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sperm is placed on two rods which are then dried in a
vacuum.

One is treated with DNase (2 mg/ml in Tris buffer

pH 6.5), the other only with the buffer.

After about 15

minutes the DNase, and DNA breakdown products, are gently
washed off with water and the rods dried at room tempera
ture.

A small drop of y9l solution (100 uc/ml pH about 3)

is then added and allowed to remain on the rod for about
five minutes.
the rods dried.

This is washed off with absolute alcohol and
They are then placed under a geiger tube

contained in a specially constructed castle (Fig. 27) which
always orients the rods in the same position relative to the
tube.

The difference in the activity between the rod

treated with DNase and the untreated rod (after the activity
of the blank has been subtracted) represents the material
removed by the DNase treatment.
Discussion
In practice this difference apparently includes not
only the DNA but also material bound to it, such as prota
mine.

As a method for measuring DNA in single cells this

procedure is poor.
used was 100.

The lowest number of sperm that could be

This gave a count slightly above background.

At present there is no satisfactory explanation for the
failure of this method to equal its theoretical expectation.
About all that can be postulated is that the phosphate posi
tions are not readily available to the y91 molecule.

Fig.27
assay

Castle and rods in holder, used for single cell
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Possibly the DNA is protected by an impermeable protein
envelope.

This is, however, not the complete explanation.

Long periods of exposure to the action of trypsin, which
should be very effective in breaking down protamine (the
protein generally believed associated with DNA in the
sperm), have little effect on the results.
As a method for measuring the DNA or nucleoprotein
content in the range of 500 to 5,000 cells this method has
definite possibilities.

However, it would be entirely

impractical to isolate this many nuclei by micromanipulation.
If nuclei can be isolated in large numbers and the DNA
content measured by already perfected methods, then there
is little need for using an ultra-micro method.

Because the

goal of this research was the measurement of DNA and not
necessarily the development of a measuring method, the use
of radioactive isotopes as a measuring tool was abandoned
as impractical and the procedure for isolating large numbers
of nuclei described in Chapter I V was developed.
It should be pointed out, however, that even though the
use of these polished glass rods was not completely satis
factory in this research, the technique has potential use
elsewhere.

For example, the rods retain a minute drop in

a defined area and are easy to manipulate.

By measuring

the height of the drop which, within a large range of volume,
is a section of a sphere, it is possible to compute the
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volume accurately.

This is a particularly useful feature as

there is no convenient means for measuring volumes less
than .001 mI.
_Analytical Methods Using Large Amounts of Homogeneous Material
There are a number of methods available for measuring
DNA in tissues or cell parts, providing enough material is
available.

In terms of sea urchin sperm these methods

require from 100,000 to 1,000,000 sperm.

To use any of

these methods on cell parts it is essential that these parts
be available in reasonably pure form and in large numbers.
A method for isolating the necessary number of nuclei from
sea urchin eggs has been described in Chapter IV •
Three of the available analytical methods were consi
dered practical from the standpoint of this research and
will be described here.

They are:

the Dische diphenyla

mine reaction (Dische 1955 p. 187), a modification of this
method by Burton (1956) and microbiological assay using a
DNA nucleotide requiring mutant of Lactobacillus acido
philus.
Diphenylamine Reagent
In 1930 Dische found that diphenylamine reacted with
deoxypentose to produce a blue product whose intensity was
proportional to the amount of sugar present.

Since the only

sugar of this type present in most biological material is
the deoxyribose sugar of DNA, the reaction has found wide
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application in the quantitative measure of DNA in tissues
and cells.

Its use has been modified by a number of workers

but the same basic steps are always involved.
Materials and Methods
The diphenylamine reagent is made up according to
Dische (1955 p. 187) and contains 1 gm of diphenylamine
(Fischer indicator grade) dissolved in 100 ml of glacial
acetic acid to which is added 2.75 ml of concentrated sul
furic acid.
ing 1 to

5 x 10- 6

test tubes.
samples.

A graded series of sperm and/or nuclei contain
gm of DNA is placed in a series of 3 ml

Generally five tubes were used for the sperm

Because of the large number of nuclei required l

only one or two samples were available at one time.

Also

included in each analysis is a series of 5-10 tubes contain
ing known amounts of purified thymus DNA (supplied by Nutri
tional Biochemicals Corp.).

The range of concentration in
10 x 10- 6

this series is between 1 and

gm of DNA.

The DNA extraction procedure is essentially that of
Schneider (1945).

The lipid materials are first extracted

with 2 ml alcohol-ether (3:1).

The tubes are centrifuged at

500xG for ten minutes and the supernatant discarded.
ml of Oo5M perchloric acid is added to all tubes l

then heated to 90 0 C for 15 minutes.
from the cellular material.

One

which are

This extracts the DNA

Next the tubes are centrifuged

at 500xG for five minutes and the supernatant is transferred
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to another 3 ml tube: the sediment is discarded.

Two ml of

the diphenylamine reagent is then added to the tubes.
are stored overnight at room temperature.

These

The tubes can

also be heated to 1000C for ten minutes to develop the blue
color, however, Patterson and Dackerman (1952) recommend
overnight treatment as being more sensitive.
to be true in this research also.

This was found

The tubes containing DNA

standards are treated in the same way, but are not centri
fuged.
After the color has developed, the intensity can be
measured with a photometer, or for greater accuracy, with a
spectrophotometer.

The latter was used in this research.

Contents of the tubes are transferred to 1 cm square Corex
cuvettes and light absorption measured at 595 mu with a
Beckman model DU spectrophotometer.

Some readings were also

made with a Beckman model B and silica cuvettes.

To

increase the accuracy of this method Dische (1955) recom
mends that the absorption be measured at two different wave
lengths

595 mu and 650 mu: and then subtract the absorp

tion of the latter from the former.

This compensates for a

green color that sometimes appears.

This was the method

used in this research.
To determine the amount of DNA in the unknown sample,
the absorption of the purified DNA series (the standard) is
plotted on a graph against the DNA content.

The point along

this curve that corresponds to the absorption reading of the
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tube containing an unknown sample gives the DNA content of
that tubeo

It is then a

s~ple

matter to divide this amount

by the number of cells or cell parts present in the tube.
This gives the DNA content per cell.
Burton (1956)

found that the addition of 8 mg acetal

dehyde/IOO ml of the diphenylamine reagent increased the
0

sensitivity by 3.5 times if the tubes were kept at 30 C for
16 hours after the addition of the reagent.

In this

research it was found that the sensitivity was also
increased, however the results were less reproducible and
this procedure was not used extensively.
Microbiological Assay
Hoff-J¢rgensen (1951)

(1954)

found that a mutant strain

of Lactobacillus acidophilus (American Type Culture Collec
tion 11506) had an absolute nutritional requirement for
deoxyribonucleotides.

He also found that no other compound

could replace these nucleotides, or the comparable nucleo
sides.

Thus this bacteria could be used for the microbiolo

gical assay of cellular DNA providing the DNA is first
hydrolyzed to its nucleotides.

A second, and equally impor

tant characteristic of this bacteria, is the minute amount
of nucleotide needed to produce growth.
presence of

1 x 10- 7

In practice, the

gm of DNA per 3 ml of medium is

enough to give measurable results,
diphenylamine reagent requires

In comparison, the

1 x 10- 6

gm of DNA at the
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minimum, or ten times more.

Microbiological

more specific than the diphenylamine reagent.

ass~y

is also

There are,

however, a number of difficulties inherent in the use of
this bacteria as an assay organism.

These will be discussed

later.
Several assay procedures utilizing Lactobacillus acido
philus have been published -- Hoff-J¢rgensen (1951)
Sugino et ale

(1954),

(1957), Grant (1958), Miller (1958),

Travaglini and Schultz (1958), L¢vetrop and Roos (1957).
The one finally settled upon for this research, which
incorporates the best features of some of these procedures,
will be described below.
Materials and Methods
The bacteria were obtained from the American Type Cul
ture Collection and were maintained in a skimmed milk medium
consisting of 0.1 gm L-cysteine hydrochloride, 0.5 gm yeast
extract per 100 ml skimmed milk (Hoff-J¢rgensen 1951).

This

medium is placed in cotton-plugged culture tubes and steri
lized at 15 lbs (120 o C) for ten minutes.
media are made every two weeks.

Transfers to fresh

After incubation for 24

hours at 37°C the tubes are stored in the refrigerator.
Basal medium
For the actual measurement of DNA a synthetic basal
medium is required.

This medium is made up to twice the

concentration required in the final assay and is diluted in
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half by adding it to an equal volume of the DNA solution to
be assayed.
The basal medium of Travaglini and Schultz (1958) is
used, though with some modifications.

Their medium is

supposed to be made up in powder form and a weighed amount
added to 100 ml of water at the time it is to be used.
Probably because of the damp local climate, this dry medium
tended to pick up water and become much darker over a period
of several months.

Therefore instead of making up a com

pletely dry medium, the hydroscopic chemicals (particularly
casein) and major constituents are made up in solution and
kept frozen (-20 o C) in 200 ml polyethylene bottles.

At the

time of use a bottle is thawed and a weighed amount of a
dry homogeneous mixture of the minor ingredients is added,
giving the complete double strength basal medium.

This

medium contains the following compounds.
Minor constituents
Aminobenzoic acid
Biotin
Calcium pantothenate
Riboflavin
Nicotinic acid
Xanthine
Uracil
MnS04· 4H 20
FeS04· 7H20
NaCl
Guanine hydrochloride
Adenine sulfate
L-Cystine
L-Asparagine
MgS04· 7H20

5mg

5 mg
25 mg
25 mg
25 mg
500 mg
500 mg
500 mg
500 mg
500 mg
620 mg
870 mg
5.0 gm
5.0 gm
10 gm
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Major constituents
1.0 grn
1.0 grn
1.25 gm
2.37 grn
14.35 grn
31.25 gm
100.0 gm
102.5 gm

DL-Tryptophane
DL-Alanine
Ascorbic acid
KH2P04
K2 HP04
Hydrolyzed casein (Difco)
Dextrose
Sodium acetate

The minor constituents are ground together in a Waring
Blender and stored in the dark.
made up to 2,500

~~

The major constituents are

with distilled water and dispensed into

200 ml polyethylene bottles and frozen.

At the time of use

one bottle is thawed and 0.097 gm of the minor constituent
powder is added to 100 ml of the liquid.

To this is added

1 ml of a 10% solution of Tween 80 and 1 ml of a folic acid
solution (1 mg/ml) .
Inoculum Medium
Because the skimmed milk medium contains an excess of
deoxyribonucleotides,

it is advantageous to culture the

bacteria in an inoculum medium prior to use in the assay.
This medium is made up to contain only enough nucleoside for
maximum growth and consists of these ingredients -- 50 ml
of the double strength basal medium,
50 ml distilled water.

200 ugm thymidine and

Tubes containing this medium are

plugged with cotton and autoclaved for five minutes at 15
Ibs pressure.

A wire loop of the skimmed milk culture is

added and the tube is incubated for 24 hours at 37 o C.
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Assay Procedure
Since the bacteria can not utilize DNA directly, the
DNA must be depolymerized to shorter units, preferably mono
nucleotides.

There is, unfortunately, no completely satis

factory method fordoing this.

Chemical hydrolysis of DNA

destroys many of the nucleotides (Wyatt 1955 p. 258) and
therefore can not be used.

On the other hand, hydrolysis

by the enzyme DNase does not produce mononucleotides to
any extent, but instead forms dinucleotides and larger
units.

Apparently the bacteria can use these units; how

ever, the fact that hydrolysis by DNase is incomplete raises
a number of problems which will be discussed later.
The materials to be assayed are prepared essentially
according to the method of Hoff-J¢rgensen (1951).
containing

0.5 x 10- 6

to

7 x 10- 6

Samples

gm of DNA are placed

in 1 cm x 7 cm test tubes and centrifuged at SOOxG for 15
minutes.

The excess liquid is poured off.

Because microbiological assay, like the diphenylamine
reaction, does not give an absolute amount of DNA, some
standard must be run in conjunction with each assay.

In the

earlier part of this research, two standards were used,
thymidine (a deoxyribonucleoside) and purified high polymer
DNA.

The latter was either calf thymus (prepared by Nutri

tional Biochemicals Corp.) or Tripneustes gratilla sperm DNA
prepared by the author according to the method of Chargaff
et al.

(1952).

Two series of five or six tubes containing
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a graded series of each of the two standards (0.5-10 x 10- 6

grn DNA and

0.5-10 x 10-9M

thymidine) were treated in the

same manner as the cell samples, except that they were not
centrifuged.

A blank tube containing everything except the

growth substance was also included with each assay.

The DNA

standard was made up in distilled water adjusted to pH 9.5
with NaOH (.0001 gm of DNA/ml gives a usable solution).
This standard keeps for several months if stored near OOC.
The thymidine standard was made up in distilled water.
To each tube is added 0.25 ml of 0.5N NaOH.

The tubes

are heated in a boiling water-bath for 15 minutes to digest
the cellular material other than DNA.

A small glass rod is

used to disintegrate any clumps that may form.

After heat

ing, 1.25 ml of a solution consisting of 0.06M maleic acid
and O.OlM of MgS0 4 is added to each tube.

The pH in the

tubes at this point should be between 6.5 and 7.0.
After cooling, crystalline DNase (from Worthington
Biochemical Corp.) is added to each tube.

There are a num

ber of problems involved in determining the optimum amount
of DNase.
growth.

The more DNase added, the greater the bacterial
However, if too much is used a precipitate of the

denatured enzyme forms after sterilization which can
interfere with the final spectrophotometer readings.

If too

little enzyme is used the bacterial growth is limited.
After trying a number of concentrations it was found that
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0.1 mg of DNase per tube represented the usable maximum and
this amount was used for most of this research.

The DNase

is made up in solution and measured volumes rather than
weights are used.
After the addition of DNase, the tubes are capped with
aluminum foil and incubated at 37 0 C for 16 hours.

Incuba

tion for periods substantially longer may increase the
effectiveness of the enzyme, but there is also the danger of
bacterial growth (tube contents are not sterile at this
point) which destroys the hydrolyzed DNA.

Therefore 16

hours should be considered the maximum time.
Following incubation, 1.5 ml of the double strength
basal medium is added to each tube.

A 2 ml Becton-Dickenson

Automatic Syringe was found to be a convenient instrument
for rapidly delivering this amount with the required
accuracy.

The tubes are autoclaved for five minutes at 15

lbs, cooled, and each is inoculated with a wire loop of the
previously prepared inoculum.

This inoculum should be made

up the day before so that the bacteria are actively growing
at the time of use.
After incubation for 24 hours at 37 0 C, the content of
each of the tubes is transferred to a 1 ern square Corex or
silica cuvette and absorption measured at 650 mu.
Model DU and B spectrophotometers were used.

Beckman

From the read

ings of the known concentration of DNA and thymidine two
curves can be drawn, one for each compound.

Both are
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plotted as grams against optical density.

In the case of

thymidine which was made up in molar concentrations, its
content per tube must be converted to equivalent amounts of
DNA.

This is done by multiplying the moles of thymidine by

327, the average molecular weight of the nucleotides present
in DNA.
Determination of DNA Purity
Purified DNA is used as a standard in both the
diphenylamine and microbiological assay procedures.

The

accuracy of either procedure depends, of course, on knowing
how much DNA this standard actually contains.

The methods

used in determining this are given below.
Materials and Methods
a. water content
Weighed samples of DNA were dried at 60 0 C for three
hours in a vacuum.

Chargaff (1955 p. 334) has found that at

least 12% water is firmly bound to the DNA molecule, but can
be removed by this method.
b. phosphorus content

A reliable means for determining DNA purity is to
measure its phosphorus content.

This was determined by

l

heating 0.0076 gm of DNA with 2.5 rnl of 5N H2 S04 to which
four drops of 30% H20 2 were added during heating.
boiling chip was added to prevent bumping.

A single

When the
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solution became clear it was made up to 25 ml with water and
the phosphorus content measured by the method of Fiske and
Subbarow (1925).
c. ash content
To determine the presence of any inorganic material
such as salt, a sample of the DNA was ashed in a porcelain
crucible heated to a cherry red color until no carbon was
visible.
Discussion
Multiplying the moles of thymidine by 327 would seem to
be reasonable on the basis of the work of Hoff-J¢rgensen
(1951).

He has shown that all deoxynucleotides give a

growth response equal to thymidine.

Therefore the curve

plotted for DNA should be close to that for thymidine, how
ever, as is obvious from Fig. 28 this is not true in prac
tice.

DNA gives a growth response equal to less than half

that produced by thymidine.

Because the two standards do

not even closely agree, the problem then becomes -- is
either correct?
If the sea urchin sperm contain

0.84 x 10- 12

gm DNA,

which is the average of the results presented in the litera
ture (see Table IV), and the bacterial growth for known
amounts of sperm is added to Fig. 28 (curve 2),

it becomes

apparent that thymidine produces greater bacterial growth
than expected.

Other workers have also found this to be
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Fig.28 Bacterial growth response produced by: 1) thy
midine, 2) E. Mathaei sperm, 3) thymus DNA, 4) T. qratilla
sperm DNA,
D = optical density
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true.

Using DNA, Hoff-J¢rgensen (1951) was able to attain a

growth response equal to 90% of the nucleotide content,
i.e., DNA produced bacterial growth 10% less than that
produced by thymidine.
response.

Miller (1958) also gets a 90% growth

Schneider and Sinsheimer (1958) were only able to

attain a response equal to 75% of the expected, and
Travaglini and Schultz (1958), using a combination of DNase
and snake venom phosphatase, achieved values up to 85% of
the expected.

The results of Grant (1958) varied from 40%

for the poorest results to 80% for the best.

The author was

able to achieve a 75% response but this was done by adding
over 1 mg of DNase for each ug of DNA.

As was mentioned

above, DNase denatures when the tubes are autoclaved and
this large amount forms a flocculent precipitate that
reduces the overall sensitivity of the method.
In order to be able to use microbiological assay as a
means for determining DNA content of both sea urchin sperm
and egg nuclei, it was necessary 1) to thoroughly investi
gate the possible causes of the discrepancy in the response
produced by thymidine and DNA and 2) to develop some means
for using microbiological assay to determine the actual DNA
content of the urchin sperm and nuclei used in this
research.
The most obvious potential source of error would be the
DNA standard which might be highly contaminated by such
materials as protein, water, or the salt used in its
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isolation.

This DNA standard would have to consist of at

least 50% of one or more of these contaminants in order to
account for the observed errors.

To determine the extent

of any of these contaminants, the DNA isolated from
Tripneustes (which should more closely resemble in situ DNA
of urchin sperm and egg nuclei) was analyzed by several
different methods.
The first, and somewhat circumstantial bit of evidence
indicating that Tripneustes DNA is pure, is obtained from
curves 3 and 4 of Fig. 28.

The manufacturer of the thymus

DNA (curve 3) claims that his product is practically pure
DNA.

If this is true, then the Tripneustes DNA should also

be of the same purity because it causes essentially the same
growth response.
The results of the analytical methods described on
pages 85 and 86 show the Tripneustes sperm DNA to contain
16% water, 9.0% phosphorus and 20% total ash.
When the 16% water is subtracted from the DNA standard,
the DNA curve of Fig. 28 is moved in the direction of the
thymidine curve though not significantly.

Therefore, water

content can not account for the error.
Since one phosphorus molecule occurs between each
nucleoside it is not difficult to determine the percent of
phosphorus that should be expected.

Chargaff (1955)

calculated that DNA isolated from the sperm of the urchin
Arbacia lixu1a should contain 9.24% phosphorus.

In
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practice, Chargaff found 8.90% phosphorus.

A phosphorus

content of 9.0% for Tripneustes sperm DNA indicates a high
degree of purity.
The total ash can be accounted for, in part, by the
formation of phosphorus compounds with the glaze on the
crucible.

This would be something over 9% because oxygen

is also associated with the phosphorus.

Approximately 7%

of the residue would be due to sodium atoms attached to the
phosphoric acid positions of the DNA molecule (the DNA,
because it is isolated in strong NaCl solution, is a sodium
salt).

These sources could easily account for the 20%

residue.
Since the phosphorus content is taken into account in
the calculation of the thymidine curve, only the approximate
7% sodium content would be an impurity.

This plus the 16%

water only amounts to 23% and can not account for the
discrepancy between the thymidine and DNA growth responses.
The errors, therefore, must be due to something inherent in
the nature of the DNase activity, the metabolic properties
of the bacteria, or both.
Siedler et ale (1957) have found that the growth
response of Lactobacillus acidophilus varies greatly with
variations in the deoxyribose compounds present in its
medium.

For example, thymidine (a nucleoside) gives 100%

growth, while deoxyguanylic acid (a nucleotide) gives only
11% of the expected growth.

The other nucleotides and
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nucleosides fall between these two extremes.

The con

clusion, based on this work, would be that a completely
hydrolyzed DNA chain could not give a growth response equal
to thymidine alone.
In practice DNA is not completely hydrolyzed to
mononucleotides by pancreatic DNase; thus the problem is
compounded.

Laskowski (1959) investigated the contents of

DNA digests and determined, on the basis of the nucleotide
sequences that could not be found in these digests, that
5-phosphorus-purine-S-phosphorus-pyrimidine is preferen
tially hydrolyzed to a 5-phosphorus-purine and a 5-phos
phorus-pyrimidine.

Other sequences are apparently not

affected by the enzyme, or at least acted upon very slowly.
He also found that dinucleotides containing the preferred
linkage are resistant to enzyme activity.

Thus on the basis

of these results, digests of DNA should contain oligo
nucleotides (i.e., trinucleotides and higher) which do not
contain the preferred linkage and dinucleotides.

Mono

nucleotides should not be present because the preferred
linkage obviously could not occur twice in sequence.
Actually mononucleotides are present, apparently due to the
fact that DNase can slowly hydrolyze linkages other than the
preferred one.

Hodes and Chargaff (1956) found the follow

ing DNA fragments in DNase digests:

mononucleotides -- less

than 1%, dinucleotides -- 16.5%, with the remaining 83%
consisting of chains having the average length of a
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pentonucleotide.

Something like 10% of this is in the form

of long nondializable chains called "cores" by Zamenhof and
Chargaff (1950).
The important point here is that DNA digests do not
contain much material that resembles thymidine, but mixtures
of different DNA fragments, which could be less usable as
bacterial growth substances.

Schneider and Potter (1957)

found that Lactobacillus acidophilus grows poorly on di
and trinucleotides.

Miller (1958), however, reports that

Schneider and Sinsheimer found that two dinucleotides
(unnamed) give the growth response predicted from their
deoxyribonucleoside content.

Their experimental technique

~

not given.
On the basis of these results it would seem that thy
midine could not serve as an absolute standard.

The ques

tion is -- is DNA an accurate standard?
On the basis of a comparison between curve 2 and 4 in
Fig. 28, DNA is no more accurate than thymidine.

This is in

some ways surprising: one might at first expect DNA isolated
from urchin sperm to act like the whole sperm if both are
treated the same way.

This would be the case if the iso

lated DNA were like the total sperm DNA.

However, though

the DNA is pure, it is not necessarily typical of the total
DNA present in the raw material.

The isolated material

represents only 13% of the total DNA present in the sperm
(assuming: sperm volume = 7..2u 3 , DNA volume = 1.4u 3 ,
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Harvey (1956): 7.5 gm of sperm were used and 0.2 grn of DNA
were isolated).

As Shapiro and Chargaff (1960) have shown,

cellular DNA is not homogeneous.

Since the isolation

procedure tends to favor DNA of high molecular weight and
DNA least strongly bound to proteins of the sperm, it is
entirely possible that the DNA finally isolated is not
typical of the original sperm DNA.

Therefore it does not

behave like the sperm during microbiological assay.
However, if DNA is a genetic code, the DNA of the sperm
and egg nucleus should be practically identical, and the
relative amount of DNA found in each should represent an
accurate measurement.

To put this measurement in absolute

terms it is only necessary to find the amount of DNA in one
or the other.

In this case the sperm is easiest to obtain

and work with.
mined.

Its DNA content has been accurately deter

This can be done in several ways.

The easiest way is to measure the DNA by a different
method which does not have the idiosyncracies of micro
biological assay.

The Dische diphenylamine reaction can be

used for this purpose.
found to contain

Using this method the sperm were

0.83 x 10- 12

grn of DNA.

Another way, is to make the assumption that the sperm
of urchins not too distantly related to Echinometra Mathaei
contain roughly the same amount of DNA.
Mathaei sperm should have about
average from Table IV).

On this basis E.

0.84 x 10- 12

gm DNA (the

An examination of the tabulations
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by Mirsky and Ris (1951) of the DNA content in the cells of
a large variety of animals shows that related groups in
general do contain similar amounts of DNA, indicating the
validity of the above assumption.
A third method is to compare the DNA content of
previously analyzed cells to that of the urchin sperm.

The

diphenylamine reaction was carried out on urchin sperm and
human sperm that were not centrifuged after perchloric acid
extraction. The results were corrected for 2.72 x 10- 12
gm DNA per human sperm (Mirsky and Ris 1951), which gave
12
0.83 x 10- 12 gm and 0.85 x 10gm DNA per urchin sperm

in two separate experiments.
On the basis of these measurements the value of
0.84 x 10- 12 gm of DNA per E. Mathaei sperm would seem
reasonably correct.

For the purpose of determining the

absolute amount of DNA in the sea urchin egg nucleus this
number will be used.

The DNA content of the sea urchin sperm cell.

Table IV

Species

DNA
x 10- 12 gm

Method

Reference

Arbacia aeguitubercu1ata

0.67

diphenylamine

Vendrely & Vendrely (1949)

Paracentrotus 1ividus

0.70

diphenylamine

Vendre1y & Vendrely (1949)

Echinometra

0.98

diphenylamine

Mirsky & Ris (1951)

Lytechinus

0.90

diphenylamine

Mirsky & Ris (1951)

Paracentrotus lividus

1

microbiological

Elson & Chargaff (1952)

Arbacia punctulata

0.79

isotope dilution

Marshak & Marshak (1953)

Paracentrotus lividus

0.71

microbiological

Hoff-J0rgensen (1954)

CHAPTER IX
DNA CONTENT OF ISOLATED NUCLEI

The goal of the research reported here is to determine
the amount of DNA present in the nucleus of the mature sea
urchin egg.

Until now there has been no reliable means for

doing this.

In fact there is a good deal of evidence to

indicate that the egg nucleus may not contain any DNA.

For

example, the nuclei of a large variety of eggs including the
sea urchin can not be stained by the standard Feulgen
procedure (see Chapter X) •
In a series of papers, Marshak and Marshak (1954a)
(1954b)

(1955a)

(1955b)

(1956) and Marshak (1955) present

experimental evidence strongly indicating that the entire
sea urchin egg contains no DNA.

They extracted whole eggs

with cold perchloric acid and then measured the amount of
remaining thymine (a compound found only in DNA) by isotope
dilution using c14 thymine. The extraction procedure
presumably removed nonpolymerized DNA fragments, leaving
only genetically significant polymerized DNA.

After sub

tracting the thymine content of the contaminating "somatic
cell nuclei" (see below) associated with the eggs, they were
then left with an amount equal to 2.98 times that found in
the sperm.

If this thymine is distributed among the three

polar bodies which should contain the same amount as the
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sperm, there is none left for the mature egg.

Therefore the

egg nucleus contains no DNA.
Brachet (1957 p. 188) has criticized this last arith
metic on the grounds that Marshak and Marshak give no
evidence showing that polar bodies are actually produced,
nor do they have quantitative data on the actual DNA content
of these bodies.
A further criticism, not mentioned by Brachet, is that
Marshak and Marshak (1955a) assumed the contaminating Feul
gen positive bodies were diploid nuclei.

They did not

actually measure the DNA content of these bodies but merely
assumed it.

The argument they give for this assumption is

reasonable.

However, because they are attempting to prove a

view completely contrary to the present day concept of DNA
function, more experimental evidence is needed.
Marshak and Marshak (1955a) further show that the
isolated immature egg nucleus (germinal vesicle) of Asterias
contains about six times the thymine found in the sperm of
this species.

They point out that this nucleus, like the

mature egg nucleus, is Feulgen negative by their method of
staining.

They concede that a negative Feulgen reaction

therefore should not be taken as the only criterion for the
absence of DNA.
The results of Marshak and Marshak are contradicted by
the work of a number of investigators who have found large
amounts of DNA in the sea urchin egg (Table V).

Much of

Table V

The DNA content of the sea urchin egg.
DNA
Species

x 10- 12 gm

Method

Reference
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diphenylamine

Vendrely & Vendrely (1949)

Arbacia

47

diphenylamine

Mirsky & Ris (1951)

Paracentrotus lividus

25

microbiological

Elson & Chargaff (1952)

Arbacia punctulata

81

isotope dilution

Marshak & Marshak (1953)

Paracentrotus lividus

16.6

m:lcrobiological

Hoff-J¢rgensen (1954)

Arbacia aequituberculata
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this could of course be accounted for as low molecular
weight DNA fragments in the cytoplasm.

It also does not

prove or disprove the existence of nuclear DNA.
A method that would be able to show almost unequivo
cally whether or not the nucleus contains DNA would be the
measurement of this compound in isolated nuclei.

Marshak

and Marshak (1955a) did this for the immature but not for
the mature nucleus.
Materials and Methods
Nuclei were isolated by the method described in Chapter
IV.

Their DNA content was measured by the Dische dipheny

lamine reaction and by microbiological assay.
are described in Chapter VIII.

Both of these

The sperm of Echinometra

Mathaei were used as the standard for the microbiological
assay and their DNA content taken as 0.84 x 10 -12 gm per
sperm.

The nuclei and sperm were counted with the aid of a

haemocytometer.

It was necessary also to know the amount of

DNA in the whole egg and its halves.

To count these, a

sample of a suspension was drawn into a thin walled blood
capillary tube 1 mm in diameter.

By determining the number

of eggs in the tube and the length of the liquid, the number
of eggs per unit volume could be calculated.
Results
The diphenylamine reaction was not used extensively in
this phase of the research.

One measurement requires almost
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all the nuclei that can be isolated at one time.

The

measurements that were made gave 1.00, 1.17, 0.87, 0.91
-12
x 10
gm of DNA per nucleus, with an average value of
0.99 x 10 -12 gm (standard deviation = 0.21). The author
does not consider this to be as representative of the cor
rect value as the results based on microbiological assay.
All readings were made at the lower limits of the method
and would be subject to both equipment and technique varia
tions that would normally not be important.
A large number of measurements were made using micro
biological assay.

These are given in Table VI.

Several workers who have used this method of micro
biological assay claim that results are reproducible to
within 10% of the mean.
to be true.

The author did not always find this

When pure thymidine is measured the error is

seldom more than 10%.
increases the error.

The use of pure DNA somewhat
When biological material is used as

the nucleotide source, the error becomes much larger, and
may amount to 50% at the extreme.
edly due to operational errors.

Some of this is undoubt
The very lowest values in

Table VI may be due to bacterial growth during DNA
hydrolysis which could lead to a lowered nucleotide content
of the sample prior to assay.

This has been observed to

happen when hydrolysis is prolonged and may also occur in
rare cases during shorter hydrolysis.

The origin of the

Table VI

The DNA content per nucleus and the number of
nuclei used for each measurement. Each entry
represents one assay tube.
DNA

x 10- 12 gm

number of
nuclei

0.84

356,000

0.51

712,000

0.48

1,068,000

0.66

712,000

1.05

345,000

0.78

460,000

1.11

754,000

1.14

754,000

0.78

940,000

0.48

1,116,000

1.02

1,116,000

0.69

754,000

0.90

363,000

0.90

363,000

1.05

484,000

1.20

237,000

0.81

474,000

1.47

224,000

0.78

448,000

1. 20

250,000

1.02

500,000

0.99

331,000

0.63

662,000
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unusually high value is unknown but could simply be the
result of a pipetting error.
The average DNA content of the sea urchin egg nucleus
calculated from the data given in Table VI is
gm with a standard deviation of

0.89 x 10- 12

0.25 x 10- 12 .

Discussion
The measurements reported in this chapter support the
conclusion that the nucleus of the mature sea urchin egg
contains DNA in amounts comparable to that found in the
sperm.

Admittedly the nucleus and sperm do not contain

exactly the same amount, however, as biochemical analyses
go, the measured values are close enough to permit the
further conclusion that the nucleus and sperm contain the
haploid amount of DNA (assuming the sperm to be haploid) .
As with any analytical procedure there are potential
sources of error which could, if they are significant,
invalidate the results.

The most obvious source would be

contamination of the nuclei by cytoplasmic debris contain
ing DNA.

The white half, which is the immediate source of

the nuclei, was found by microbiological assay to contain
approximately 7 x 10- 12 gm of DNA or, more accurately,
an amount of material capable of supporting growth of the
assay organism equal to

7 x 10- 12

grn of DNA.

Therefore

the presence of white half cytoplasm in the form of
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particulate or dissolved material in the isolated nuclei
could lead to inaccurate conclusions.
This occurrence does not seem probable.

The white

halves are made up primarily of cytoplasm which is non
granular and would not be expected to follow the nuclei at
the centrifugal forces used in the final isolation.

Micro

scopic examination of the isolated nuclei show pieces of
egg membrane to be almost the sole contamination.
would not be expected to contain DNA.

These

Finally, nuclei were

isolated purposely to yield a product grossly contaminated
with assorted material. This preparation gave a value of
0.90 x 10- 12 gm of DNA per nucleus, or essentially the same
as DNA found in clean nuclei.

Therefore, contamination does

not contribute significantly to the final measurements.
A second source of error less easily investigated is
the possibility that nuclei take up submicroscopic particles
or dissolved DNA from the homogenate, either by adsorbing
this onto the membrane or the interior of the nucleus.

The

only way to rule out this possibility completely would be
to know the total DNA content of the white halves before
homogenization and the DNA content of the homogenate after

.

the nuclei have been removed.

Due to the nature of the

isolation procedure and the fact that many

nuc1e~

are rup

tured along with the white halves, the last measurements
would be virtually impossible to make in such a way as to
have meaning.

104
There does not, however, seem to be any reason why the
cytoplasmic DNA should enter the nucleus, particularly in
the concentration it is found. The nuclei contain about
3 x 10 -16 gm of DNA per u 3 the white half about 1 x 10-16
3
per u and the homogenate about .007 x 10- 16 per u 3 . The
I

nuclei therefore would have to acquire DNA at a concentra
tion 2,000 times greater than that of the surrounding fluid.
This is of course not impossible, but when one considers
that the homogenate also contains a variety of cations and
proteins that would combine with any DNA in solution and
render it biochemically inactive, the possibility for
concentration of DNA by the nucleus seems remote.

CHAPTER X
FEULGEN STAINING OF EGG NUCLEI

One of the most accurate means for showing the location
of DNA in the cell is through the use of the Feulgen stain.
Many workers feel that this reaction, when carried out
properly, is specific for DNA (see discussions by Casselman
(1959 p. 116) and Swift (1955 p. 68».

Yet when it is

applied to the sea urchin egg there is generally no detect
able staining in spite of the fact that these eggs contain
DNA (see Table V).

Marshak and Marshak (1955) who were not

able to stain sea urchin eggs by the Feulgen method inter
pret this, along with their other results (see Chapter IX),
to mean the egg contains no DNA.

Sergeev (1957) was unable

to stain a variety of eggs by the Feulgen method and reached
the conclusion that the egg contains no DNA but receives
this compound from the sperm upon fertilization.

Irnrners

(1957) was also not able to Feulgen stain the sea urchin egg
nucleus.

Neither could he stain the syncarion, telophase

or two cell resting nucleus of the fertilized egg.

These

three would obviously contain DNA, though in a diffuse form.
Therefore Immers' technique would seem to be at fault and
his

res~lts

can not serve as evidence for lack of DNA in the

mature nucleus.
In contrast to these results, Burgos (1955) and Brachet
and Ficq (1956) were able to stain the nuclei of the sea
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urchin egg by the Feulgen method.
nuclei so stained.

Both papers illustrate

Both Burgos and Brachet and Ficq changed

the staining procedure slightly.

Brachet and Ficq used a

modified stain; Burgos fixed the eggs in 50% formalin.

Both

papers illustrate nuclei having a thin layer of Feulgen
positive material lying just inside the nuclear membrane.
Burgos also carried out several tests to prove the staining
material was DNA.
The author was also able to stain sea urchin nuclei.
This reaction can be achieved using Echinometra Mathaei eggs
without modifying the Feulgen procedure as outlined in Swift
(1955 p. 91).

Fixation was carried out in acetic acid

alcohol (1:3) for one hour.

Just as in the work of Burgos

and Brachet and Ficq there is a thin layer of Feulgen
positive material lying just inside the nuclear membrane.
In some nuclei there is also a faint pink coloration to the
entire nucleus (Fig. 29).

The reaction is, however, some

what variable and all nuclei do not stain with the same
intensity.

Some nuclei even fail to stain at all.

Figure

29 is of an unusually well stained nucleus and iR not
typical of the average.

Generally the nuclei stain so

faintly that they are difficult to differentiate from
unstained ones.

In contrast, the nuclei of the diViding egg

at the two cell stage, stained along with unfertilized eggs,
show a strong Feulgen reaction (Fig. 30).
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The intensity of the Feulgen reaction in unfertilized
eggs can be greatly increased if the eggs are somewhat
altered by placing them in a hypertonic solution prior to
fixation.

The technique for doing this is discussed below.

White halves were used simply because they contain less
material to obscure the nucleus.
Materi~ls

and Methods

The white halves of Echinometra Mathaei eggs were used.
The entire procedure was carried out on 0.1 ml of halves in
10 m1 test tubes.

Each step was "followed by centrifugation

at 100xG for about one minute, after which the supernatant
fluid was pipetted off.
Two hypertonic solutions were used -- 7% NaCl and 1.4M
sucrose.

Both are twice the concentration of the isotonic

solution.

One sample of halves was put in 5 ml of the 7%

NaCl solution, the other sample in 1 m1 of 1.4M sucrose.
Each was intermittently swirled during a period of 15
minutes.

The eggs in the 7% NaCl were fixed in acetic

acid-alcohol (1:3) for one hour.

The eggs in 1.4M sucrose

were fixed by adding 0.3 m1 of acetic acid to the sucrose,
followed by intermittent swirling for one hour.

The acetic

acid-alcohol halves were washed in 100% ethanol for 45
minutes and then taken to water through 70% and 35% alcohol.
The sugar-acetic acid mixture was diluted to about five
times its volume with distilled water and the eggs
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concentrated by centrifugation.

All eggs were washed in

three changes of water over a period of 45 minutes.

If the

sugar treated eggs are now taken through the Feulgen
procedure the cytoplasm, particularly any yolk granules,
will pick up the stain (Fig. 33).

To prevent this non

specific staining the eggs were taken through 35%, 70% and
100% alcohol and then back to water.

Eggs fixed in acetic

acid-alcohol have this staining material removed in the
process of fixation.
The white halves were next hydrolyzed for 20 minutes in
IN Hel at 60 0

•

The Feulgen reagent made up according to

Swift (1955 p. 91) was used.
45 minutes.

The halves were stained for

After this the halves were rinsed in two

changes of the sodium metabisulfite rinse, ten minutes each,
and taken up through 35%, 70%, 100% alcohol, 1:1 alcohol
xylene and xylene.

A drop of the concentrated white halves

was added to a slide, the excess xylene was removed and
mounting media added (Permount) and covered with a cover
slip.

Photomicrographs were made with green light (Wratten

B filter #58) •
Results
Treating the eggs in a hypertonic solution prior to
fixation not only shrinks the nucleus and thus confines the
DNA (probably nucleoprotein) to a smaller volume, but also
changes the nucleoprotein in such a way as to condense it

Fig.29 Feulgen stained white
half from sea water, nuclear
diameter au

Fig.30 Feulgen D~ained 2
cell stage, nuclear diameter
Su

Fig. 31 Feulgen stained white
half from 7% NaCl, nuclear
diameter 6u
.

Fig.32 Feulqen stained
white half from 1.4Msucrose,
nuclear diameter 7u

Fig.33 Feulgen stained half
Fig.34 Feulgen stained sperm
from 1.4M sucrose (no alcohol approx. length 3u
extraction)nuclear diameter 7u
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into small globules.

White halves so treated are illus

trated in Figs. 31 and 32.

The eggs are shrunken and dis

torted especially after treatment with the sugar solution.
The nuclei are also reduced in size.

This is particularly

striking when the nucleus in Fig. 31 is compared with the
normal sized nucleus in Fig. 26(a).

Both are at the same

magnification. The average volume of the live nucleus is
about 700u 3 . The average volume of the egg nuclei treated
by the above method is l30u 3 , or only 19% of the original
volume.

Some of this reduction is apparently due to fixa

tion, which reduces the nuclear volume to 260u 3 when eggs
are fixed from sea water.
Feulgen positive material appears as distinct spheri
cal globules around the inside of the nuclear membrane.
These globules are most distinct in eggs treated with 7%
NaCl (Fig. 31).

Similar globules are also present in

sucrose treated eggs but are often smaller and less distinct.
Feulgen staining is also less intense than in the NaCl
treated eggs.
For size comparison, a single sperm is illustrated in
the center of Fig. 34.

When sperm (in sea water) are

treated by the same staining procedure as the eggs most of
them clump and lose their identity.

One of the few that did

not is illustrated.
The presence of Feulgen positive material in the nuc
leus does not necessarily prove the existence of DNA.

For

111
example, an alcohol soluble material in the cytoplasm also
stains (Fig. 33).

Swift (1955 p. 69) mentions a number of

other materials that give a positive Feulgen reaction.
All of these will react even if hydrolysis has not been
carried out.

Therefore, a test for DNA would be to add the

Feulgen stain to hydrolyzed and unhydrolyzed halves.

When

this is done with NaCl treated white halves, only the hydro
lyzed halves contain Feulgen positive nuclei.
A further test which is even more specific is to treat
the halves with DNase prior to Feulgen staining.

This

enzyme is considered to be specific for DNA and therefore a
loss of Feulgen positive material would be a loss of DNA.
Halves were treated, before hydrolysis, for one hour with
2 ml of a solution containing O.lM phosphate buffer (pH 6.6),
.003M MgC1

and 2 mg DNase/ml. A second sample of eggs was
2
suspended in the same solution less the DNase. Both were
swirled every ten minutes.

After staining, the DNase

treated eggs were Feulgen negative, the buffer treated eggs
Feulgen positive.
Discussion
These two tests prove beyond reasonable doubt that the
Feulgen staining mate:r:ial in the nucleus'is DNA, thus corro
borating, qualitatively, the results of Chapter IX.

This

also corroborates the results of Burgos (1955), and covers
the criticisms Marshak and Marshak (1956) presented against
Burgos

I

work.
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As mentioned earlier, the nucleus in Fig. 29 and those

illustrated by Burgos and Brachet and Ficq all have a layer
of Feulgen positive material just under the nuclear mem
brane.

This, the author feels, does not represent the

normal condition of the nucleus nor does it seem to be the
result of DNA movement toward the membrane upon fixation.
Instead, the staining material lying under the membrane
could simply be the result of a piling up of nucleoplasmic
constituents that were not able to pass through the nuclear
membrane when the egg and its nucleus contracted during
fixation.
The major force behind nuclear contraction is almost
certainly the contraction of the egg cytoplasm.

Egg

diameter decreases from 53u before fixation to 30u after
fixation.

The nucleus itself seems to be passive.

If this is what occurs, rather than a total contraction
of the nuclear contents, then there should be a layer of
nucleoprotein lying under the membrane.

This compound is

generally believed not to be able--to pass through the mem
brane.
This layer, for the eggs prepared by the author, would
contain 63% of the total nucleoprotein if the nucleus were
originally homogeneous (original volume 700u 3 , contracted
volume 260u 3 , difference 440u 3 ). With this much DNA in
such a small volume it is not surprising that there is a
visible Feulgen reaction.

Because the DNA in the rest of
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the nucleus is too diffuse, there is no, or very faint,
staining.
Burgos does not give the diameter of the nuclei he
stained, however this can be roughly calculated from his
illustrations, and is around 6 or 7u.

He used Arbacia eggs

which have a nucleus ll.5u in diameter and a volume of 796u
(Harvey 1956 p. 79).

3

Therefore, approximately 80% of the

nucleoprotein would be collected against the membrane.
data of Brachet and Ficq can not be used in this way.

The
How

ever, they used acetic acid-alcohol as a fixative and the
nucleus should have undergone about the same size reduction
as that reported here.
There are several possible reasons why Marshak and
Marshak (1953) were not able to find any Feulgen positive
material in the sea urchin egg nucleus.

Brachet and Ficq

suggest that the Marshaks' use of citric acid as a fixative
was a poor choice and would tend to destroy any DNA.

Burgos

feels that the prolonged lipid extraction used by the
Marshaks might have some effect on the Feulgen reaction.

A

third reason is the lack of extensive nuclear shrinkage
when citric acid is used as the fixative.

The nuclei fixed

in this way by Marshak and Marshak were 9.7u in diameter.
The membrane would only have collected 41% of the nucleo
protein, and because fixation is slow, much of this may have
diffused throughout the remaining nuclear volume.

This,
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along with the reasons given above, could easily account for
their negative results.
The total amount of stain picked up by the nuclei
treated with the hypertonic solutions appears to be greater
than that picked up by nuclei of eggs fixed from sea water.
This is probably the result of two factors operating simul
taneously, 1) the nuclei are smaller by 18% and 2) the nuc
leic acid has been condensed into discrete, easily seen,
globules, particularly in the case of eggs treated with
7% NaCl.

~~

CHAPTER XI
CONCLUSION

The most important conclusion that can be drawn from
the research reported in this thesis is:

the mature nucleus

of the sea urchin egg does contain DNA.

This has been shown

to be true by two entirely different methods -- the analysis
of isolated nuclei (quantitative) and the Feulgen reaction
(qualitative).

The quantitative results leave little doubt

that the nucleus contains the same amount of DNA as the
sperm.

Therefore what was thought to be an exception to the

rule, that DNA and the chromosome number are always consbmt,
has been shown not to be an exception.

The sea urchin egg

thus provides no basis for arguing against the hypothesis
that DNA and the genetic substance are the same thing
(Marshak and Marshak (1955a), Marshak (1955)

(1959) and

Sergeev (1957».
The fact that measurements of DNA in whole eggs show
a large excess of this compound does not necessarily mean
this DNA is in a highly polymerized genetically significant
form.

Instead it is probably in short fragments usable by

the developing egg in the building of its nuclear DNA.
at least is the condition of much of the cytoplasmic DNA
found in the frog egg (Grant 1958) .
The sea urchin nucleus shows a number of properties
not typical of most nuclei that have been isolated

This
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(generally from mammalian somatic cells).

The author has

not worked with other nuclei; however, judging by descrip
tions in the literature, somatic nuclei are much stronger
than the egg nuclei.

Many operations commonly carried out

on somatic nuclei readily destroy the egg nuclei.

Part of

the reason for the weakness of the egg nuclei may stern from
their large size and, therefore, dilute interior.

The low

specific gravity of the living egg nucleus would certainly
indicate thls.

Much of the strength of the somatic nucleus

may be derived from the viscosity of its nucleoplasm, while
the urchin nucleus is much more dependent on the strength of
its very thin nuclear membrane.
The behavior of the egg nucleoplasm to various ions
only partially resembles that of somatic nucleoplasm and
further indicates differences between these two nuclei.
This again may stem from the dilute interior of the egg
nucleus probably in conjunction with other physico-chemical
factors unique to it.

A thorough investigation of the

chemical composition of the egg nucleus is obviously needed.
With the use of the isolation technique presented here such
an investigation is possible for the first ti.ne.
The unusual nucleolus found in the Echinometra egg
would seem to offer an excellent opportunity for the
investigation of the factors involved in nucleolar forma
tion.

The results described in Chapter VI indicate that the

appearance and disappearance of this structure can be
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controlled.

It is therefore possible to design and carry

out experiments that could determine the important features
of nucleolar formation.
The author feels that the most important long term
contribution offered by this thesis is the method for
isolating sea urchin egg nuclei.

This egg is certainly one

of the most widely used experimental materials for the
investigation of basic biological problems.

With a method

for isolating the nuclei, it should now become even more
useful.

For example, rather than having to rely on radio

autographs to determine whether the nucleus has taken up a
particular isotope, it is now possible not only to determine
if it has, but also to determine how much.

This is of course

providing that the isotope is bound and not freely water
soluble.

For the cytochemist and embryologist, the avail

ability of isolated egg nuclei presents an opportunity, for
the first time, to investigate the chemical nature of the
female pronucleus by other than histochemical techniques.
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